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Algal species Scenedesmus acutus vas cultivated in open 
elongated recirculation tanks agitated by paddle wheels in the 
laboratories of the Central Food Technological Research 
Institute, Mysore. Indoor illuminated tube cultures were also 
studied for the effect of various parameters on growth. 


The parameters studied included among others J 

I, Nutrient concentration and nitrogen/ phosphorus ratio in 
indoor and outdoor cultures. 

J. Hydrogen ion concentration in outdoor cultures and utili— 
jation of bicarbonate by Scene de smus acutus . 

(, The effect of mixing and aeration on outdoor cultures, 

, The reuse of centrifuged clear medium in outdoor cultures. 

. The effect of inoculum size on growth in outdoor cultures 

nd the determination of optimum inoculum size. 

. The effect of addition of organic carbon in the form of 



molasses on outdoor and indoor cultures 


7* The estimation of dispersion coefficients from dye studies, 
and the rates of carbon dioxide desorption ffoia clear liquid in 
outdoor cultures, 

8, Ihe effect of carbon dioxide feed methods in outdoor 
cultures. 

9» Effect of harvesting time on protein content of the 
harvested algal mass* 

The emphasis was on engineering studies and several 
interesting results for the proper design of large scale algal 
cultures have been obtained. These results are summarized 
first as follows : 

1 * In cultures that are not supplied an external source of 
pure carbon dioxide, the mixing of the culture alone is suffi- 
cient to supply oxygen at night, and to keep the algal cells in 
suspension, 

2* The recycle of centrifhged clear medium (after harvesting) 
is not harmful for further growth in outdoor cultures , 

3» There is an optimum initial concentration of 200 mg/l 
which gives the best yield over and above the initial biomass. 
This optimum is not a cost-effective optimum. It does not 
account, for costs involved in inoctilum cultivation, or harvest- 
ing and other costs. 

4^. Molasses in low concentrations can be used as a cheap 
organic erarbon sotiree for growth in the day time, then added 



with carbon dioxide tbe effect of molasses on growth is cumula- 
tive to the effect of carbon dioxide. 

5» Ihe dispersion coefficient based on a t\-ro dimensional 
model (after G.I. Thylor) , is related to the Reynolds number-. 

The desorption coefficient for carbon dioxide (or decarbonat ion 
coefficient) in clear liquid (outdoors) is related linearly to 
the dispersion coefficient. The Sherwood number follows a 
Colburn type relationship with the Reynolds number based on 
hydraulic radius. 

6^ Pure carbon dioxide fed intermittently rather than con- 
tinuously gives bettor growth rates and better efficiencies of 
carbon utilisation. This also results in considerable savings 
in gas usage. It appears that intermittently fed carbon 
dioxide is needed only for about 4/5 hours a day during the 
solar radiation peak period. 

7» The harvesting time is a very important parameter for 
optimum protein recovery. Early morning harvesting gives 
10 - 15 /^ more protein in the algal biomass. 

The other results of importance are as follows: 

1. The nitrogen and. phosnhorus concentration are not sensi- 
tive parameters in outdoor cultures. At low nitrogen concentra- 
tions ‘the biomass yield is not different but the protein 
readjusts itself to the lowered nitrogen concentration. 

2. Scenedesmus acutus utilise bicarbonate carbon as a carbon 
source outdoors. The cultures are not very sensitive to pH 

in outdoor conditions between tested range pH 7»5 and 9*5 



without external suoply of carbon dioxide, and between pH 6,5 
and 7»5 ‘^ith external supply of carbon dioxide. 

These studies have shown that this algal species can be 
profitably cultivated in India for food using cheap sotirces 
of carbon, and in fairly easy~tn-rnake tanks. A number of 
design criteria have emerged as a result of these studies: 

1. Optimum depth for the growth of algae. 

2. Optimum starting concentration of algae. 

3« Efficiency of aeration and mixing system. 

4. Use of organic carbon in the form of molasses. 

5« Mode of nutrients (carbon dioxide and molasses) feeding. 
6. Optimum harvesting time. 

7» Carbon dioxide quantities and rates, 

8. Gas transfer- rates from the culture. 

9. Heat Transfer rate in drying algae, 

10. Physical properties e.g., density and viscosity of 


thick algal slurries. 



PART I 


CHAPTER 1 
INTRODUCTION 

Ibe present status of developTient programmes on mass 
..culture of algae is in a very critical stage. The opinions 
about the usefulness of such programmes oscillate between two 
extrenlos. One is shown by the statement 'Algal Cultures will 
open the ways to the coming industries of controlled photo- 
synthesis' (Oswald, 1962), and the other extreme is the closing 
down of many such programmes. Present day economic criteria 
(which cannot be applied for food) is applied to evaluate the 
feasibility, and doubts are laised when it is calculated that 
large scale production is not immediately economically possible. 
Such an attitude is rather shortsighted. Algae are primary 
producers, simple in structure, easily accessible for genetic 
manipulation, and thus can play an outstanding role as easily 
controllable, highly efficient, industrial photosynthetic produ- 
cers in solving many problems of food, fuel and pollution. 

Ihe fundamental difference between algal cultivation and 
agriculture is that former is an industrial photosynthetic 
process of higher efficiency, which can be a continuous process 
having better control on many factors. Photosynthetic production 
in agriculture is essentially a batch process, and of lower 
efficiency. 


The algae can be envisaged as a possible source of food. 



2 


polysaccharides and pigments, absorbers of carbon dioxide, 
producers of oxygen in space vehicles, remover of pollutants, 
and fixers of solar energy. Calvin’s idea (Calvin 197^), of 
modifying higher plants (e.g., rubber trees which produce 
higher hydrocarbon) to produce high grade petroleum can be 
extended to envisage algae as a producer of high grade petro- 
leum by genetic modification (may be crossbreeding of petroleum 
producing bacteria and algae). There are also algae that 
produce petroleum. 

At present studies on mass culture of algae are focussed 
on the three following aspects: 

1. Mass culture of algae for algal cells, and their compo- 
nents . 

2. To control and/or to improve the environment. 

3. To fix and store solar radiation. 

Ihis thesis is the report of an experimental study dealing 
with the first of these three aspects. 

There is a widespread interest in growing algal cells 
for cell components. Algae contain 30-60^4 protein and can be 
used as food and fodder. The composition of the algae 
Scenedesmus acutus (used in this work), protein efficiency 
ratio, biological value, digestibility coefficient and net 
proteih/^^tilizat ion are given in appendix 1, Appendix 2 
shows the benefits of cultivation of algae for food. 


Some of the algae can fix nitrogen of the atmosphere. 



and can be used as rertilizer and soil conditioner* Algae 
are good source of nitrogen, potass ium, and otlier organic com- 
pounds useful for higber plants. The increase in the yield of 
paddy due to algae inoculation is given in Appendix 3* 

The lipids, carbohydrates ,vitami ns , amino acids, anti- 
biotics, and pigments are some of the other products which can 
be recovered from algae. Most of the radioactive amino acids 
are produced by growing algae in radioactive nutrient media. 

The second line of research concerns the use of algae in 
controlling and/or improving the environment. This includes 
waste water treatrm nt , and bioregenera tive systems. Algal 
cultures in treating waste waters are attractive due to their 
simplicity* In these systems algae are obtained as a by-product 
by slight modification of the process* Algal bior e genera tive 
systems containing algae are used for carbon dioxide removal 
and oxygen regeneration in the enclosed environment of space 
vehicles . 

Lastly algae containing photo synthetic pigments are 
capable of fixing solar radiations, and converting them into 
chemical energy. This chemical energy can be regenerated 
either by burning biomass directly or from gases which are 
produced by anaerobic digestion of algae* 

These different systems have many specific and common 
features. The main feature of the process is to convert the 
solar energy into chemical energy of organic substances* The 
production of algae consists of two processes j The 
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pilot osyn the sis in which the ener-gy is accumulated, and the 
production process in which coll materials are produced by 
growth and cell division. The production of algae like other 
chemical processes is controlled by the concentration of reac- 
tants, their availability, and the environment. The reactants 
of importance for algal cultivation arc radiation energy, 
nutrients and water. Products of the process are cell materials, 
extracellular compounds and oxygen. Extracellular products may 
be growth promotor or growth inhibitor . 

Turbulence in algal cultures is important since this 
keeps the algae and nutrients in suspension, governs the 
absorption and desorption of gases, and the light-dark pattern 
of algae by mixing the algal ce 11s at different depths and 
exposing them to light on the surface of the culture by cell 
movement . 

The suspensions of algae from largo scale cultures are 
very dilute containing loss than 0,1?^ of algal biomass. A 
number of methods for harvesting algae such as centrifugation, 
precipitation, filtration, and sedimentation have been tested 
by many workers. Economical harvesting of the algal cultures is 
still ' unsolved problem. Thus there are two main problems in 
cultivating algae on mass scale; 1. To provide optimum environ- 
ment for the growth of right type of algae, and 2. To harvest 
the culture . 

This thesis on mass cultivation of algae is divided into 
two parts: Part I consists of a literature review and 



experiments on physico-cliomica 1 properties, followed by an 
analysis of the gross parameters of the system. In this section 
the direct results are reported. In some cases these results 
enme from measurements in an experiment specially carried out 
for that purpose. In others they came out of experiments 
carried out for other end results. In all cases the results 
are direct measurements. 

The second part of the thesis describes the experiments 
involving the fine parameters of the algal systems. This in- 
cludes the effect of fixed carbon addition at night on the 
growth of algae, mixing parame;fcers, carbon dioxide transfer, 
effect of carbon dioxide feed ire thods , and the effect of 
harvesting time on protein content. The use of words ‘gross' 
and 'fine' in describing the parameters is arbitrary, and is 
merely for convenience. This thesis has been carried out for 
studying the engineering of algal systems and all the parameters 
are equally important. 

A brief literature review ooens the thesis. This in- 
cludes the uses of algae , different algal systems, and the work 
done on algae in India. A sh^^rt general bibiliography is given 
at the end of Chapter 2, and the major references ax'e given at 
the end of the chapter dealing with that topic. In Chapter 3 > 
general methods and im terials used are described. Specific 
ire thods used in the experiments are described in the chapter 
dealing with a particular experiment. Each chapter starts with 
a brief introduction, discusses the previous work, experimental 
methods, results, discussion and conclusions. 
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2 



CHAPTER 2 


LITERATURE REVIS¥ 


Algae can be defined as a beterogeneous collection of 
cryptog-amic plants, belonging to sub-group Thallopbyta, most of 
wbich are aquatic in nature, possess cbloropliyll and are less 
specialized in structure tban higher plants. Algae can grow in 
a wide variety of environments , can fix solar radiation and 
nitrogen of the air, can synthesize protein, and convert inorgani 
carbon to organic carbon through pho tosynthesis • Algae are con- 
sidered as a possible solution for the worsening problem of food, 
fuel and fertilizer suoply. This triple-fold use of algae as 
food, fuel and fertilizer has* brought it again in focuss. 

Higher growth rate and photosyntheti o efficiency, easy to main- 
tain optimum conditions, easy accessability for genetic modifi- 
cation, are some of the advantages of using algae in industrial 
phot osynthesis. Research and development have been going on for 
quite so’iie time, arxi there is an extensive' literature. 

2 * 1 . LITERATURE 

The literature on physiology, biochemistry aid cultivation 
of algae have been reviewed by Erauss ( 1958 # 19 ^ 2 ) and Tamiya 
(1957)> ^nd several v olumes (Barlew (1953)# Eachroo (1960), 

Lewin (1962), Jackson (1968), Venkataraman (1969) and Stewart 
(l 974 ))have been published. Burlew*s *Algal Culture from 
Laboratory to Pilot Plant' is a brilliant treatment of the basic 
problem of mass culture. The work done at Trebon, Czechoslovak 
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Academy of Sciences is reported in the form of Annual reports 
of the Laboratory of Al< 5 olo^y. The literature collected and 
presented on cards by Phycological Documentation Center, 
Kohlenstoffbiologi-sche For schungs station, Dortmund, Federal 
Republic of Germany, is a very good source of information on 
algae . Ihe Phycological Documentation Center uses a numerical 
doctcnent a t ion code of t'iro levels, vhich can be processed by 
computer retrieval method (see Javornicky et al. 1973 
details ). The work done on algae in the field of pollution 
and water resources is published by IFI/Plenum Data Corporation 
in cooperation with "'^ater Resources Scientific Information 
Service, USA, in the form of trvo volumes named ’Algae Abstracts'. 
Volume 1 compiles tho work upto 19 ^ 9 ) ^nd Volume II from 19^9 
to 1972 . Fach volume including comnuterized author index is a 
self contained entity, offering ready access to the literatiore 
for the time given. From the references given it seems that two 
abstracting agencies do not have any interaction. 

2.2. USES OF ALGAF 

‘2.2.1. ALGAB AS PROTDIN S0U1.C3 - Algae have been used as a food 
for a long time. The natives of Chad in Africa and Aztecs in 
Mexico have been using it as a part of their diet. In Japan 20 
different kinds of algae are used in food, and algal extracts 
can be used in ice creams, condiments, etc. Clinical trials have 
been carried out in Germany, Mexico and Thailand, and it has 
been found fully acceptable . 


The particular appeal of algae as a food source is tlat 



tliose are primary producers* Unicellular algae are smallest 
and simplest pho tosyntlietic apparatus, and thus are expected to 
have higher metabolic rates and nucleic acid contents. Vincent 
( 1971 ) has discussed the advantages and disadvantages oT growing 
algae for food. Other reviews on the subject are by Fisher 
("^ 953)5 Golueke at al*.(l959 Mathern (19^5) » Clement ( 19 ^ 8 ), 

Lipinski (l97^) sind 'feslin (1975)» Benefits of growing algae 
for foody and biological values, net protein utilization ratio 
and protein efficiency ratio of Sconodesmus accutus are given 
in Appendix 1 and 2. 

High nucleic acid content, deep color which can mask 
every other colour, and high cost of production are some of 
the objections raised against cultivation of algae for food. 

Higher growth rates are associated with higher nucleic acid 
content, and compromise has to be made between the two. Ihe 
growth rates so also nucleic acid contents of algae are between 
bacteria and yeast, and higher plants . Thus algae seems to be 
the best choice. The use of algae does not raise the uric acid 
levels as high as in the case of yeast and bacterial single cell 
protein. Algae contain 4 to 6% nucleic acid, and PAG (Protein 
Advisory Group, FAO, Rome, U.N. ) limits the consumption of 
nucleic acid at 2 g/day per capita. This means that 32 gm of 
algae can be consixmed, which is equal to I 6 g protein per day 
per capita, and is still higher than the average diet at present. 
Kraut et al. , ( 1966 ^) ,, Boeder and Pabst (1975) ‘vTaslin et al. 

( 1970 ) have reported the results of clinical and preclinical 
tests of algae. The colour and flavour may not be the serious 
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problems. Everybody eats green vegetables. There is no report 
in the literature that algae were unacceptable to common men 
who need protein. Preliminary tests at IGAP, CFTRI, Mysore 
have showed that there is no difference in taste ani flavotir 
in products containing 2^ algae. At least nobody rejected the 
products for green colour. Algae have been used in Auroville 
(India) by some people for l-t years, and group of' people (under 
controlled conditions) for 4-6 weeks at a time. 

Sewage grown algae can be used as animal feed. Experi- 
ments with rats and chicks have been reported by Os wald — a nd - 
dOs-uoali 

Grolueke y^^( 1968 a), Gbrau and Klein ( 1957 ) and Levoille ot al», 
(1962). Hintz et al,, (1966, I967) have reported that a mixture 
of barley, 10^ algae and small quantity of vitamin ^-^2 
swine resulted in weight gain equal to those attained with 
control on barley aid fish meal, 

2 * 2 . 2 . ALGAE IN SE~fAGE TREATMENT - Environmental engineers have 
been working on algae because it affects them in many ways. 

Algae change the colour of water, spoil the recreational areas 
clog the water treatment filters, super saturate and deplet 
the dissolved oxygen of rivers and lakes in day and night 
resulting in abundance and death of fish. On the other hand 
they are water purifier, and treatment in oxidation ponds is 
mainly achieved through photosynthesis by algae. Algae ard 
bacteria work together symbiotically . In waste treatment 
systems algae is a by-product and can bo obtained in most 
cases by slight modification of the process. 
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Environmental protection agency, tine United States Bureau 
of Reclamation and California Department of ¥ater Resources 
(1971) combined together to investigate the possibilities of 
removing nitrate by algal systems. California department of 
water resources and US environmental protection agency have 
done extensive work on eutrophication. *Algae Abstracts * 
published by IFl/Plenum Data Corporation is an excellent 
source of literature on the work done. 

2 # 2 * 3 « ALGAE AS FERTILIZER — Algal species can contribute in 
several ways towards the improvement of crop yield I) by 
fixation of atmospheric nitrogen and supply of extracellular 
nitrogen compounds towards the plant nutrition, 2 ) by supply 
of essential plant chemicals (hormones, etc.) and 3) t>y 
improvement of soil quality. Seshadri ( 1970 ) has discussed 
the economical and social benefits of using algae as fertilizeir# 
In Japan, USSR, and other Asian countries the algae have been 
used as green manure. The increase in yield due to algal ino- 
culation has been shown in Japan, China and India. Indian 
Agricultural Research Institute, New Delhi, Central Rice Research 
Institute, Cuttack, Banaras Hindu University, Varanasi, and 
Bhabha Atomic Research Centro, Bombay have been working in India 
on the utilization of algae as biofertilizer. The other lite- 
rature references are Uillis and Green ( 19 ^ 8 ), De and Mandal 
(1956), Singh, R.N. (I961), Vonkataraman (I962), and Sankaram 
(1971)* R.N. Singh *s monograph *Role of Algae in Nitrogen 
Sconomy of Indian Agriculture* is an excellent treatment of 
the subject* G. S. Vonkataraman *s group (lARl) has done an 



Gxtensivo >7ork on algal inoculation of paddy fields j 
Vonka taraman (1967? 1972). ram (19^^) reviewed the 

work done on blue green algae in relation to agriculture. 
Appendix 3 shows the benefits of algae inoculation. 

2.2.k, ALGrA2 AS A SCUroE OF EliBRaY • I^nergy crisis in recent 
years has changed the economy of almost all the countries. 

The research and development programmes on solar energy 
utilisation have received utmost attention, and on the top 
priority of national research nrogram of nany countries. High 
capital cost, need for highly developed technology and highly 
trained personnel^ the high expense on nlant and personnel 
safety, hazards of nuclear accidents, and the problem of 
mainten-'nce of high standards of waste disposal make nuclear 
energy prohibitive for developing countries. The above 
limitations of nuclear power, and simplicity of algal systems 
have diverted the global, attention to algal systems for fixa- 
tion of solar energy. 

The feasibility of the methane fermentation of algae has 
been proved in laboratories (Golueke et al., 1957? Golueke and 
Oswald, 1959 3'>ini, 1971 )• Oswald and Golueke ( 1960 ) 

have analysed and described t'le feasibility and advantages 
of hypothetical solar energy conversion systems using algae. 

2.2.5. ALGA3 IN 3 I 0 RBGSNE';Vi.TXV]S 3YSTSMS - Probably most 
familiar and efficiently supported research programme on algae 
is bioregenerative system (Golueke et al. 19^4, and Lisouskij 
1964 ). The system si.?;e , weight, efficiency and reliability 



are the 'nain problems in designing a bioregenera tive system. 
Hannan and Constance (I 963 ) have analysed the reliability of 
photosynthetic gas exchangers. The other literature references 

k ,s- 

on the subject are: Myers (1964 a, 1964 b) 5 Bongers , et 
(I 95 &), Dyer, et al. { 1963 )“, SheleT, et al, , (l970)j 

Fredrickson, {I96l)*, Leone {l 96 l )'5 Matthern (l964) and Rabe 
and Benoit ( 1962 ). Miller and "Jard ( 1965 ) have revie^/red the 
work done upto 1964 on regenerative syste’ns, and have tabulated 
the data on algal propagators un to 1964, 

24 2*6# QUiSR USBS - Algae may be used as a source of raw 
materials ior many other processes* This bas been reviewed by 
Fisher et al* , (1953)« "Lhe possibility of gro'ring algae for 

sterol production is analysed by "irauss and McAleer (l953)* 

Many polysaccharides can be recovered from marine algae* 

Alginic acid, laminarin, fucoidin, galactans, agar, carra- 
geenin, xylans and mannan are some of the important poly- 
saccharides. Many pigments e.g., chlorophylls and phycobilins 
can be produced, but only carotenoids having pro -vitamin A 
activity are of current interest (Volskey et al. , 1970). 

Possible uses of algae are discussed by Milnen and Fischer, 
Fisher and Bur lew, and Krauss et al.,(l953)* 

2*3.- NUTRITION OF ALGAE 

The literature on the mineral nutrition of algae is 
reviewed by Bur lew (1953)> Krauss (l958), Provasoli (l958), 
Levin ( 1962 ), Gerloff ( 1963 )^ Byster (l965> ‘^ 968 ), 



Nicholoss (1963) » Hunter and Provasoli (19^4), Healey ( 1973) 
and O'Kelley ( 1968 , 1974). The different nutrient formulations 
are published by Lancaster’ and Tischer (196S’), Hurlew (1953)» 
and Venkatraman ( 1969 )* O'Kelloy (l974) has reviewed the 
macro nutrient:. S, ?, Ca , Hg and -nicro nutrient elements Fe 1 
Mn, Cu, Zn, Mo, Cl, Co, 3, Si, Na , Vn and I requirements of 
algae. Vitamins and growth regulators of algae are examined by 
Provasoli and Carlucci (1974). Ihe effect of the form of 
nitrogen (NH^ or NO^) is stiidied by Tischer and Davis (l97l)» 

The role of carbon and phosnhorous on the eutrophication is 
reviewed by Goldman (l972) and Drown ( 1972 )^ respectively, A 
standard method to Tind out the effect oT nutrient media has 
boon outlined by ^^nvironmentnl Protection Agency (1971 )• An 
extensive literature on the subject does not mean that the 
problem has been solved, Attemots to find out so-called ^’best^’ 
solution culture of algao havo resulted in the conclusion that 
probably there is no such solution, Algao can grow in a wide 
variety of culture media and thoir chemical composition and 
growth rate depend upon the environmental conditions, nutri- 
ents ^ availability , cell ag 3 , and species. Luxurious uptake 
when nutrients are incorooratod in protoolasm at levels greater 
than those necessary for growth, and super luxurious uptakie when 
some nutrients are stored rather than converted into algal 
protoplasm further complicate the problem of finding out the 
optimum nutrients concentration for algao. The uptake of 
nutrients is not necessarily correlated with actual metabolic 
requirements, and thus the metabolic rates and chemical 
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composition may not give any duo for nutrient requirement of 
algae • 


The nutrient elements used by various workers for growing 
algae differ widely in quantity and ratio. It seems that the 
concentration in most cases ■'/as decided arbitrarily. Table 
4.2.1 gives the amount of H and P, and their ratio used by 
different work ers « 

Many algae grow well in dilute mineral solutions containing 
soil extract. In Provasoli’s ( 1 956) words, ’’it is not surpris- 
ing that soil extract has been such a panacea for growing 

% 

exacting algae since it contvains ammonia, thiamine and 
and that, ”it might be expected that soil with an abundant 
and varied microflora will give extracts rich in all trace 
metals chelated by humic acid”. Soil extract can be orepared 
by adding one part of garden soil to two parts water and 
steaming in an autoclave for one hour on two consecutive 
days, or the soil can be sterili?:Gd separately and boiled 
in water to gdvesoil extract. The use of soil extract in 
mass culture of algae may be useful and has to be developed. 

The chelating agents, organic matter of soil and other 
elements not only can reduce the cost of nutrients, but may 
also give better growth. 

2.4. CARBON DIOXIDE 

Carbon budget in algal cultures is regarded as the most 
serious and difficult pi^oblem. The utilisation of carbon 



dioxide Trom water tor photosynthesis by algae may disturb 
COg - HCC^ - CO^ balance resulting in cbange in pH. This 

change (rise) in pH can affect the algal growth in number of 
ways. TL'.ese include 1) change in carbon species, 2) solubi- 
lity of nutrients and 3 ) metabolic changes due to pE. 

The reports in the literciture on the concentration of 
carbon dioxide needed for radiation saturated photosynthesis 
and utilir3ation of bicarborB te by algae are conflicting. 

There are reports in the literature that algae can grow in 
a very high carbon dioxide c oncentration environment, at 
the same time Osterlind (l9’^l3) has reported the retarding 
effects of high concentration of carbon dioxide and carbonate 
ions on the growth of algae. Carbon dioxide concentrations 
repprted in the literature for algal cultures are generally 
in terms of its concentration in gas mixture with which 
cultures were assumed to be in equilibrium. Semenenko et al. , 
( 196 «) have reported that reaching the equilibrium is very 
difficult even at very high rate of air gas mixture and 
these values may be misleading. 

The cheap sunply of fairly pure carbon dioxide is one 
of the decisive problems of algal cultivation. Carbon 
dioxide from a fermentation process seems to be the most 
appropriate source. The possibilities of using carbon 
dioxide from natToral wells, from burning various fuels, 
calcination of lime stone, and other chemical processes have 
to be analysed. The cost of carbon dioxide can be reduced 



to almost sero by combining the algal olant vith the carbon 
dioxide production point. 

2 . 5 , OXYGEN 

The inhibitory effect of oxygen on oxygen uptake and 
carbon dioxide fixation is extensively investigated (Turner 
and Brittain I962, Myers 1964 , and Gibbs I970), but not 
adequately explaire d. Tbe effect comnonly known as '"farburg 
e f fee t^ ignored in mass cultivation. far burg effect is 
pronounced at high light intensity and -low carbon dioxide 
concentration. In most of the mass cultivation units such 
is the situation, and there may be inhibition due to 

this effect (Gibbs, I970) . 

Degasification of the culture to liberate all the extra 
oxygen in the liguid culture ^rould remove carbon dioxide 
dissolved in li^^id, required for Photosynthesis also. 
Degasification of the culture medium, and then saturation with 
carbon dioxide, may be a practical solution. 

2 . 6 . PHASE CONTACTING 

The most 'Widely used method for phase contacting (li:juid- 
gas) is bubbling or sparging technique. In this method 
carbon dioxide —enriched air is forced through small orifices or 
tubes in the bottom of the culture vessel. Stengel (197^) has 
reported that use of pure carbon dioxide is as efficient as 
carbon dioxide— air mixture^ rather the use of pure carbon 
dioxide is economical due to better control of cure gas flow, 



and higb rosidence ot bubbles in the culture medium due 

to higher density of carbon dioxide* The various phase con- 
tacting equipments are revie^^od in Chapter 4^ 

2*7# MIXING 

Mixing in algal cultures keeps the distribution of algal 
cells, the concen tration of nutrients and moan irradiation 
per cell uniform* Mixing enhances the metabolic rates by 
replacing the stagnan<^t film deficient in nutrients by fresh 
nutrient medium film (Soeder 197 ^)* The degree of mixing 
required for each factor listed above is different, being 
lowest for uniform algal and nutrient distribution to maximum 
for desired high frequency intermittency* The rate and 
efficiency of photosynthesis can be increased by flashing 
light effect* This flashing li.'^ht effect can be obtained in 
dense algal cultures by means of appropriate turbulence. 
Inspite of the sizable work done on flashing light pattern, 
there are uncer tainties concerning appropriate length of 

light and dark intervals to atch the light-dark reactions# 

—3 

The times reported in literature are of the order of 10 to 
10 second (Emerson and Arnold 1 933 ) > 4 x 10 second liight 
and lO”^ second dark (Phillins and Hyers, 1953 ) > ^nd still 
higher are reported by Burk et al,,(l95l)* Another type of 
pattern uses equal length of light and dark period of 1 to 5 
flashes per second (Rabinowitch 1956). As can be seen that on 
the basis of information available in the literature it is 
difficult to decide the desirable pattern of intermittency. 



The random nature of turbulence causes another hindrance 
in utili'zing optimum intermi ttancy* I^edrickson et a 1 . , (1961) 
and Powell, et al., (1965) have pointed out that it is possible 
to siibject all the cells to a definite light dark pattern of 
same mean periodicity, but this would have very large variance 
from the mean value# 

The gain in photosynthesis rate and efficiency by utili- 
zing random turbulence is often questioned* This problem is 
theoritically and experimentally analysed by many workers# 
Fredrickson et al. , (1961) used Lumery-Rleske mechanism ( 1959 ), 

and derived equations for the rates of ohotosynthosis in rec- 
tangular unstirred and roctanyalar fully agitated growth 
chambers • They found that optimum efficiency for the two 
cases do not differ, however, the rate in stirred chamber 
was considerably higher# Fredrickson and Tsuchiya (I969) 
have discussed and analysed two flaws in their assumptions in 
deriving above results# Miller (196P!, I963) using Lumry- 
Rioske mechanism calculated increase in photosynthetic effi- 
ciency due to mixing in Taylor apparatus. Experimental l^r an 
increase in efficiency was realized but this could not 
approach to the theoritically predicted value# Powell et a 1 . , 
(1965) considered t’ne algal cultures to be in turbulent motion 
in a flat channel illuminated from both sides, and assumed 
turbulent velocity fluctuations normal to the direction of 
the flow. They modelled the motion of algae as a ton state 
Markov process, and used correlation between coefficients of 
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the Markov transition probability matrix and Prandtdl^s 
mixing length theory of turbulent transport* Their calcula- 
tions shoi^red that the variance of transit time vould be very 


large* In Powell words ^^Turbulenco alone is a poor mecha- 
nism for producing optimum light dark pattern. Gordon (l972) 
used similar approach to analyse Taylor apparatus. Gordon 
(1972) used tliree stato Morkov process to calctila to rates and 
efficionciosjbut did not rolato the Morkov Stochastic Matrix 
to the hydrodynamics, Seth (l?74) simulated the photosynthesis 
by algae in turbulent channel flow , and using different models 
for algal itiotion and two different kinetic rate mechanism 
■vdis., Lumry :iieske (l959) and Tatniya ( 191 + 9 ), showed that turbu- 
lent mixing in channel flo'ir can achieve an increase in the rates 
and efficiencies of photosynthesis through intermittent effect 
due to mixing. Eo showed that a uner imposing random motion in 
a Taylor apparatus does not load to any significant improvement. 
Ftedrickson and Tsuchiya ( 1969 ) in a pacer which is an excellent 
treatment of the subject ’ 7 ,avo pointed out " — that inter— 
mittency effects can be utilised to onhanco the performance of 

optically dense cultures , but whether this can be doTB 

without prohibitive oxponditiure of energy for agitations is 
still not perfectly clear”. Fredrickson ( I 96 1 ), Powell (l965)» 
Gordon (l972) and Seth (l97^) have analysed the rate and 
efficiency of photosynthesis, but have not touched this impor- 
tant but unanswered question. 



2*8 MOTION OF aLGAL CELL IN lO^IBULENT CrIANNEL 


The analysis of motion of al^al cells in turbulent 
channels is required to calculate mean irradiation and in 
designing of algal tan'xs to obtain uniform mixing. An exact 
description of hydrodyns nics in turbulent channel is an 
extremely difficult task. Nav ior-Stokc s equation assumed 
valid in turbulent floTf is never solved for active disper- 
sant. The turbulent flow in rectangular channel has been 
studied, both th eori tically and experimentally. Most turbu- 
lent measurements are derived by assuming statistical quan- 
tities describing the ^structure’ as gaussion process, and in 
Euler ian frame, while most of the times analysis in Lagrangian 
measurement is re :’iirod. Although E^ilerian correlation cooffi- 
ci ■3nts can be related to the Lagrangian correlation function 
for short tine, but velocities of the algae which arc not 
identical to the fluid velocitios make the problem further 
compli cated. 

An oxtensivo work has boon done on the measurement and 
prediction of longitudinal and transverse mixing coefficients 
in rivers to predict the mixing of waste lischargod to water 
bodies and rivers and thoir nurifying capacities. Most of 
these relationships between hydrodynami cs and mixing coeffi- 
cients are for passive dispersant, i • o ., dispersant whic.h are 
miscible and do not alter the velocity of the fluid. So 
this analysis cannot be used to predict mixing of algae. 



2.9* ALGxiL KINETICS 


Hie exact description ot algal kinetics is an extre-’te ly 
difficult task. So!iie of the complications involved are discus- 
sed in this section. Algal growth can be considered as made 
of two processes: pho to synthesis and synthesis of cell 
material. Photosynthesis depends upon nutrients concentra- 
tion, carbon dioxide concentration and light intensity* The 
rate and photosynthe tic efficiency are affected not only by 
absolute values of nutrient components, but by their ratio, 
and mode of application also. Temperature of the culture, 
saturation light intensity and carbon dioxide effects are 
interrelated, and ^ive nonlinear differential rate equations of 
higher order. Autoregulators present in algao make the problem 
further complicated. Photosynthesis is represented in terms of 
trapping centers (o . g . , Chlorophyll) and thoir concon tra tion 
keeps on chan‘;^in£ with stages of algae. Mixing in algal 
culture affects the growth by making the algae and nutrients 
concentration uniform, changing the mass transfer rates, and 
exposing the cells to random intermittent light— dark, pattern. 
High frequency intermittent light-dark pattern affects the 
growth and metabolic rates by flashing light effect, while 
low frequency intermittent pattern affects the algal systems 
through synchroni'^a tion. Kinetic study of algae in agitated 
systems thus involves solving transport and growth equations 
simultaneously. The exact description and solution of trans- 
port equations itself is extremely complicated. 


The kinotics of algal gro^v-th has been studied exten- 
sively* Many assumptions are made in order to make the 
analysis simple, and various models from exponential growth 
to raodels involving mixing and growth are reported in the 
literature# The series reaction mechanism presented by 
Lumry and Rickey (1959) ^^d Tamiya (l9^9) on the basis of 
the reaction velocity of Hill reaction in isolated chloro- 
plast and intact algae are "^idely used. Tamiya (l9^9) 
described a model for the photosynthesis by algae in carbon- 
dioxide saturated onv ironment by a set of reactions involving 
photosynthetic sensitizer and enzyme. The former accepts the 
energy from activated sensitizer to become activated enzyme* 
Tamiya et al. , (1953) used a relationship similar to Monod 
model for light as limiting substrate, and have derived expre- 
ssions for growth in optically thin and thick cultures. 

The photosynthesis can bo modelled as a function of energy 
trapping centre concentration or mean light intensity or both* 
Tamiya ot al. , (1964) used cell mass for nigmont concentration 

in their model. Fleischer (1935) found rate of nhotosynthe sis 
to be proportional to the chlorophyll concentration. Bongers 
{ 1958 ) although did not name chlorophyll but reported that 
photosynthc tic activity is constant when related to some 
photo synthetic ally active component* Sorokin (i 960 ) and 
Nihei et al. , ( 1956 ) supported the use of chlorophyll for 

modelling photosynthesis* Smirnov (1964)^ and Pipes and 
Koutsoyannis (1954) used light intensity in their models. 

Habe and Benoit ( 1962 ) used mean effective light intensity and 


mass concentration of algao to describe algal photo synthesis • 
Jtqu and Kar^man (1970 nsed Lumry-Riesko mochanism to pre- 
dict apparent growth rates of algao, and concluded that total 
chlorophyll concentration is a more adequate index of the 
trapping center concentration in above mechanism* Fredrickson 
et al», (1961), Miller, (I962, I963), Powell ( I965) ,G^ordon 
( 1972 )» and Seth (l 97 ^) have used simple algal kinetics, and 
solved these equations to calculate photo synthetic efficiency 
■'.rith different mixing patterns* These Fave been discussed 
in section (2*7)» 

2.10. R3ACTCR DESIGN 

The algal reactors can bo divided into two tyoesj 
i) open systems and ii) closed systems. Closed systems are 
preferred for chemotronhic production of algae, in gas ex- 
changers . and in research where control of environmental condi- 
tions is important. Loss of carbon dioxide and water are the 
disadvantages, while cooling of the culture by evaporation 
and ease of construction and maintenance are the advantages 
of open systems. Open systems suffer from sudden unfavourable 
environmental conditions and spontaneous infections such as 
rotifers, mosquito, amoebae, etc* 

The above two systems can be classified according to 
the phase in 77hich algae grow e.g., solid phase reactors and 
liquid phase reactors ♦ "Different typo of liquid phase 
reactors are reported in literature, such as: hori'^ontal 


tube culture (Fisliorj 1956) y vertical tube culture {Hindaky 
1970 ) y cbamber culture (Matheruy et al. y 1964), areen bouse 
type culture ('ratenabo, '^959) y cuvette culture (Tlillor 
1962 ), pond culture (Morimura ot al* , 1955 
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Goluekcj^ 1968 a), helical tube culture (iaul ^ 1971 ) 
wetted wall column (Sharraia ^ I 969 )* Solid phase reactors are 
simple, easy to maintain and very easy to harvest* Sand bod 
solid phase reactors ( Swaminatha n, 1971 ) hove the advantage 
that those can be used as a dowatoring and sand bed drying 
units. The work done on solid nhase reactor is scarce* Reid 
(1961) used woody concrete and corrugated metal for algal 
cultivation* Swaminathan (1971)> Singh (1972), and Joseph 
and Thakur (l970) used sand bod reactor, and their work 
is discussed in section 2*12* Continuous reactors of algal 
cultivation are reviewed by Retovsky (1966)* 

2.11. HARV2STING 

Harvesting of algae is difficult due to its small physi- 
cal size, negligible difference in density, ard very low 
concentration. There are several methods of harvesting, 
and choice would depend upon the end use of the product. 

The work of" Golueke and Oswald ( 1965 , ) is an excellent 

treatment of harvesting the sewage-grown algae. Environmental 
protection agency (1971) and IIT, Kanpur (Sinha, 1969 ? Tikhe 
19695 Ramachandran, 1971? nnd Sahni, 1973) have tried different 
methods of harvesting sewage-grown algae. Some of the important 
methods used for harvesting the algae are: 


1 • Central fiigat ion 
3* Filtration 


2* Flocculation 


4. Flotation 

2*1 1 . 1 , CFNTR IFUGATI ON - Centrifugation is a simple and 
continuous method of harvesting, “^hich gives product of high 
quality and devoid of additive agents. There are some con- 
trary views in the literature (Burlew 1353? Gotaas and 
Golueke 1957? Levin et al. , I 962 ; and Golueke^ I 968 ) 

on the use of centrifuge. The objections are high operating 
and equipment cost. Setl4k et al, , (l97C) have analysed the 

advantages and disadvantages^ and have shown that cost and 
power are not prohibitive . They are of the opinion that cen- 
trifuge is the most suitable method of harvesting the algae 
without changing the chenical nature of the clear liquid 
from the centrifuge, and physiology of the algae. 

2 # 11 • 2 . FLOCCULATION - Removal by chemical flocculation involves 
the addition of reagents such as alum, lime, organic cationic 
flocculants, etc. Oswald (l9o3), and Snv ir onmenta 1 P-ro tecti on 
Agency (l97l) have used different flocculents and have repor- 
ted cost analysis. The disadvantages of chemical flocculation 
are that algae and effluent contain lime, and high pK of 
effluent makes it undesirable for reuse and direct discharge 
into the river or other bodies of water. 

Auto flocculation, a natural process of clumping algae 
cells together occurs when the temperature and pH of the cul- 
ture are high. This natural phenomenon can be used as a means 



of harvesting the algae 


Different theories have been put forward to explain the 
mechanism of bioflocculation of bacteria (Sahni, 19 7®); 
Zoogloearamigera theory, (Butterfield 1935); PHB (polybetahy- 
droxy butyrdc acid theory (Crabtree, 1963), extra-cellular 
polysaccharides theory (Mckinney 1952? and Pavoni et al. , 
1972) . According to Pavo ni et al, , (1972) bioflocculation 
is the result of interaction of naturally produced high mole- 
cular weight long chain poly electrolytes with organisms to 
form an aggregate. 

Induced flocculation is the phenomena which uses the 
naturally occurring but mechanically induced polyelectrolytes 
to form algal aggregates. Induced flocculation may be an 
economical method of preconditioning the algae before har- 
vesting by sedimentation. The work done on this aspect at 
Kanpur is discussed in section 2.12. 

2.11.3* FILT ~ IATI PIT _ The use of filter papers, fine mesh 
metal, nylon, cotton, and woolen screen of wide varieties in 
filtering algae is reported in the literature (Sahani, 1973; 
Oswald, 1968 ; and Land, 1969 )* The work done on sand filters 
is reported by Brown (l969)> Folkman et al. , (l97l); Glyoyna 
et al. , (l955)> Sind Environmental Protection Agency (l97l)» 
The studies on electrokine tic phenomena in the filteration of 
algae, Zeta Potential, and adhesion of algae are repoirted by 
Foess et a 1. , (l969)> Hegewal (l972) and Nordin ( 1967 ) 

respectively. 



2.11.4* FLOTATION - G-oluelco and Oswald used different 


floatation reagent^ and found most of them ineffective except 
two. Ramachandran (l97l) and Xumar Sastry (1972) used foam 
flotation for harvesting algae in batch and continuous processes, 
using hexadecapyridinium chloride (C 2 ,^H^gNCl) . Levin et al. , 
(l962)hnve reported the effect of pH, aeration rate, aerator 
porosity and feed concentration on harvesting of algae by 
flotation. 

2.1 1. 5 • DRYING - Drum drying, sun drying and spray drying 

are the possible methods of drying the algae to reduce the 

raoistiore content of algae to a level ( 6 - 8 %) at which the 

product can be stored safely. Drum drying is a rapid process, 

and losses in nutritive value of algae in this process are 

expected to be low. Sun drying of algae is economical but 

slow. A drying area equal to 5% of growing area may be 

<aoswd*<i 

sufficient for sun dr 3 d.ng ( Oswe - l - d - ' - a - ia d Goltieke^ I 968 ). 

Properly designed sand beds can be used for dewatering and 
dehyd.ration of algae. The drawback of this method is that 
algae is contaminated with sand. Sun dried algae could 
transmit agents of disease and thus should be sterilised 
before use. Kapoor (l970) analysed the solar dryer for 
agricultural products and calculated optimum tilt of the 
surface of drying. The effects of drying methods on the 
nutrient contents of algae are reported by Subulakshmi, et al, , 
( 1976 ) and Pabst, et al. , (I 964 ), 
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2.12. '?I0'3iK D0N3 1>T INDIA 

The work on mass cultivation of algae with engineering 
approach was started at Indian InstL tute of Technology, Kanpur 
in 1968 (Leader, Br. Seshadri , C.V, ). At Indian Agricultural 
Heoearch Institute, Br. Venkataraman 's group have been working 
on effect of algal inoculation in pcddy fields and growing 
algae over thin layers of sterilized soil in shallow trays to 
inoculate paddy fields. Dr. R.B, Fox of Laboratorie de la 
Roquetto, France, made a tank viz., r-oopirating basin for 
Spirulina at Navsari, Gujarat, in 1972. The work on growing 
Scenedesmus acutus for food was started at CFTRI, Mysore, in 
1973 with German Government cooperation (Dr. IL Becker, 

Leader). This section reviews the work done at different 
centers on mass cultivation of algae in brief and the work 
done at Kanpur in detail. 

a) WORK DONS AT KANPUR 

The work on designing the algal reactors was initiated 
by Prof. Seshadri in 1 968 at Indian Ini ti tute of Technology, 
Kanpur. Various reactors were designed, fabricated and tested. 
The reactors were named CPRA (Continuous Photosynthetic 
Reactor for Algae). 

At Kanpur the approach of bioregene rat ive systems was 
adopted, i.e., finding out the condition* for maximum efficiency, 
identifying the critical points and then investigating the 
possibilities of reducing the cost by research and development 
through engineering approach. 
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To find out ^naximum officiancy and idantify critical 
points, closed systems were choosen. The limitations of closed 
systems i.e,, high onergy reiuir emont , and necessity of a 
cooling system wore known to them, but bettor control, low 
water and carbon dioxide losses, and possibility of using 
three dimensional structure for absorbing the radiations were 
some of the advantages of closed system for the choice* 

Fighor photosy/nthe tic efficiency is one of the most 
important advantage of algal systems. Thus the design of the 
reactor demands that saturation losses bo avoided to achieve 
maximum efficiency. The use of intermittent light effect 
induced by mutual shading of algal colls by turbulence is one 
possible solution. However, the efficiency of such a system 
is many times questioned. Another way of avoiding saturation 
losses may be by extending radiation absorbing surface in the 
direction perpendicular to the falling rodiations. A design 
to satisfy this requirement in outdoor culture may be highly 
complex due to the variable charcocter of solar radiations. A 
simplified model using the above phenomenon is the soray columns. 
^Tater spray may bo designed to give the structure of most 
efficient crop o.g., sugar cane plant. 

Khanna and Kohli ( 19 ^ 7 ) ^nd Sharma (1967) used the 
above idea and designed CP'IA Nark I and Mark IT. CPRA Mark I 
used the principle of wetted wall column for photo synthetic 
reactor. In CPRA Mark II, Sharma nrovided a rough surface 
for the growth of algae and made provisions for introducing 



carbon dioxide anvd carbon iicxiclo air misture# However, no 
conclusive iaformation regarding the growth of algae was 
given. 

Kaul (1969) designed a continuous helical coil reactor 
viz. y C?RA Mark III. He envisaged the increase in efficiency 
of light utilization through intermittoncy due to secondary 
vortices for^nLied in helical coil. 

Fluid ^articles flooring in curved channel under the 
axial pressure gradient, irstead of flowing linearly as in the 
case of a straight channel, moves away or towards the center 
of curvature of the channel, depending unon the normal reaction 
at the containing wall. Due to these disturbances, a secondary 
flow is set up in which the fluid near the top and bottom moves 
inwards and the fluid in the middle moves outwards. This cir- 
culatory flow in the form of free vortex io called secondary 
vortices and is superimnosed on the main axial flow. Shaukat 
and Sosharlri (1973) have nado pressure drop moasure’jion ts in 
Archimedian spiral coilo of circ‘’lrr cross section. Shaukat 
(197^) solved transnort equations aonlied to fully developed 
flow in curved channels using aoproximate analytical method of 
weighted residuals. 

The above idea of secondary flow in curved coils was used 
in designing CPRi-^. Mark III. Tnis reactor consisted of two 
reactors: I) photosyntho tic reactor (PR) for energy absorption 
and 2) formative metabolic reactor (FMR) for cell division and 
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other processes. PR tfBs a "'^elical tube of 3” coil diameter, 

3/4” tube iiameter, having 15 turns of average pitch 1”, fitted 
with nine 40 watt fluorescent tubes for energy-. FMR was a ver- 
tical glass column 3’’ dia 5 ft« long, with the provision of gas, 
and nutrient media outlets, inlets and sampling port. Nutrient 
medium flowed continuously in to FMR and was p^xmped back to PR. 
Chlore 11a from lARl, New Rellii, In^.ia was used# 

CPRA Mark III was a continuous reactor, and with all the 
advantages of continuous reactors over batch reactors was best 
suited for studying the effect of turbulence on the growth-. 

"Phe advantages of Kaul's reactor, CPIA Mark III over Miller’s 
reactor (Miller I 962 ) using vortices generated in an annular 
space by revolving the inner cylinder were that Mark III was 
a continuous reactor, and it was possible to separate and 
control the dark and light reactions in the two reactors viss# , 
FMR and PR# Thus cultures of Haul were subjected to high fre- 
quency intermittent light and dark pattern in PR, and low fre- 
quency light and dark pattern in PR and Fi4R. Probably this 
was the first time when the effect of simultaneous high 
frequency and low frequency intermittent pattern on growth 
were realised# High frequency intermittent pattern improves 
efficiency by flashing light effect, while low frequency inter- 
mittent pattern works through synchr onization. Haul’s reactor 
used turbulence created by secondary flow to achieve inter— 
mittency, and till this time there ^ras no clear cut idea, that 
fhether random turbulence can improve the growth. This was 
later analyzed by Fredrickson et al. (19^9) ^nd Seth (1974). 



The main drawback of the C-PRA Mark HI was the adhesion 


of algae on the wall of the surface during experiment and 
shading the algal cells. 

Kaul (1969) found that increase in illnrai nation from 5 
fluorescent tubes to 9 fluorescent tubes did not change the 
growth rate, and this was probably due to the lower algae 
concentra tion (.25 g/l)* Intermit tency effect can be realized 
only in dense culture when all the liaht is absorbed in I/IO 
of the total depth (iredrickcn 19^9)* important observa- 
tion made by Kaul ( 1959 ) that concentra tion of algae at 

steady state decreased -/ith decrease in holding time, but 
dry weight obtained (algae concentration at steady state x 
flow rate) shc^wed a maxima at flow rate of 720 cc/day. Kaul 
(1969) found that steady state concentrat ion is significantly 
changed by growing algae in batch for 36 hr before starting 
the continuous operation. The change in steady state concen- 
tration by changing initial condition is possible due to the 
interaction of toxic substances and growth promoting substances 
produced during growth (Misra, 1971 )* 

Sharma and Lai (I967#) used C?RA Mark III. Ihey used 
bottled carbon dioxide (from Indian Oxygen Limited, Kanuur ) 
and air mixture. The growth of algae was reduced in presence 
of carbondioxide , possibly due to some to.xic substances present 
in carbon dioxide. I-Iowover, no attempts were made to find out 
the toxic sifostance or purity of the gas. Mittal, Singh and 
-'^irty (19^9) used mixed algal culture from IIT, Kanpur 



oxidation pond* They stu.'iod the ejTxect oi mono-e thanolaiiiine | 
MhjA as absorber of carbon dioxide on the /growth of algae. 

They used t'fo flasks to grow and compare the growth of algae 
under identical conditions. T^acy found that IfDA reduces 
the growth rate of algae. The possible explanation given was 
that MTA absorbed all the carbondioxide and does not release 
it for algal growth at low tannerature. In an other set, Hittal 
et al. , ( 1969 )» used C?RA Hark Til with helical tube reactor, 

PH in vertical position, bit this did not give any improvement# 

Mittal et al. , (19^9) used rotary drum filter to grow 

algae on the surface of drum. The advantages of drum filter 
claimed were J easy to harvest algae, and easy control on light 
dark pattern by adjusting the speed of the drum {Biological 
discs of asbestose or light material, corrugated PYC sheets 
are used for biological ".resto t^r::ationt / IQian and Siddi^ui, 
197 ^). Mittal et al. , (1969) iosignod a carbon dioxide gene- 

rator using kerosene and calculated that 0.19 liter/hr kero- 
sene would give 239 l/hr carbon dioxide at NTP, and I6IO 
Kcal/hr# This heat produced can be used for drying algae, and 
this can bo shown teat with this arrangement algal systems 
would require very little extra energy. 

At this stage it was realised that t^irbulence to achieve 
high frequency intermittent oat tern would require very high 
energy,, and the use of random turbulence to improve the photo— 
sj/nthetic efficiency was questioned. The analysis of 
Fredrickson (1969) lateron proved that the improvement in 
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efficiency by random turbuionoe is very doubtful. At this 
stage the closed system reactor with secondary vortecies was 
abandoned, and the work on open systems was started* 

Open systems with rough surfaces wore designed* 

Simplicity of the roactor and ease of harvesting are the 
advantages claimed for solid-bod reactors* Swaminathan (19701 
and Joseph and Iha?cur \1971) used a thermocole bed arranged at 
an agle of 60^. Nutrient medium x^ras allowed to flow down 
the slope by using a pump and a 200 watt bulb suspended over 
the bed was used as a light source* It was found that medium 
does not flow uniformly over the bed, and there was no signi- 
ficant growth* At the same time sand bod reactor was designed. 
Ihe irregular surface of sand bed and filtration action of 
bed due to minute pores wore the adv-^ntages claimed. On 
testing they found that it .is difficul-t to solve the problems 
of non-uniform flow of nutrient medium, erosion of sand, and 
channeling in small bench size roactor. They tried different 
distributor systems without success. 

In another design, the sand bed was kept hori'^^ontal , 
and holes were made in the bottom of the bed to collect and 
recycle the filterate* This bed reactor was found success*- 
fill. Another solid bed reactor, CppA Mark IV was fabricated, 
which used a circular bed of gravels over which a thin layer 
of sand was laid. The filterate was collected from center- 
of the bottom and was pumped back to the reactor. Provision 
was made to supply Cvarbon dioxide or carbon dioxide and aiar 



mixtxjre near the over flow voir. Joseph and Ihakur (1971) 
used this reactor and studied the effect of light xntensityj 
ti'ne and bod depth on the growth of algae. A factorial 
desisn of experiments was carried out, and multiple regression 
analysis gave a relationship between yield of algae and the 
above variables. Joseph and Ihalcur (l97l) showed that log 
fit and exponential fit are better than ordinary fit. Ihey 
found that exponential fit was marginally better than log fit, 
but excluded the important variable, illumination in final 
equation. Time of growth and illumination were found signifi- 
cant variables, while bed depth was insignificant variable. • 
The regression aquation wast 


In Y = - 

where , Y = 



11.12 + .56 In + 1.22 In + 

Yield of algae (decigrara/liter ) 
Light intensity in watts 
Time in days 
Bod depth in ems . 


.31 In X 
3 


(2.1) 


Swaminathan (l97l) used randomized fractional factorial 
design to obtain the effect of inoculum concentration, liquid 
depth, light/dark ratio, and carbon dioxide flow rate on the 
growth of algae using CPRA Mark IV. Swaminathan (l97l) 
reported that log fit is better than ordinary fit. Swaminathan 
( 1971 ) obtained regression analysis eiuations 


In Y = - 19.89295 + . 858 lnX^+ .8 lnX 2 + 1 .27 Iti X^ 


(2 



p 

"fhere , Y == in g/m^ 

=s Inoculum conccntro t ion mg/l 
Xg = Liquid level in cm 
X^ = L/D ratio 

In these GxuorimGnts the surface of response *ras not 
determined, and this ires probably due to the limited number of 
runs and narrow range of experimentat ion* 

Singh (1972) used a closed algal system using sand bed 
for the growth of algao* Ilis rocactor, C??.A Mark Y consisted 
of seven solid sand bods arranged one over the other with the 
help of a stand* Dach bed was a circular wire mesh {2 ft dia ) 
covered with a filter cloth ani a sand bod over it. Light 
was provided hy ten fluorescent tubes fixed to a cylindrical 
drum which also work 3 d as a reflector. On the uoper end it 
had a fixed sparger to spray the nutrient media in dispersed 
phase using 4 # 5 ?^ carbon dioxide and air mixture. In this 
way, Singh ( 1972 ) extended the light absorbing surface verti- 
cally, perpendicular to the direction of radiation. It was 
expected that this bed in series would separate the cells 
according to the size, and synchronize the cultt^re to give better 
growth. Ihe experiments were carried out several times but 
there was no significant growth. The possible reason given was 
that the transfer of nutrients to cell was not enough because 
cells were not submerged in the nutrient media. Swaminathan 
(197/ ) has shown that depth of liquid over the bed is a 
significant variable • 





Singh (1972) used a rectangular sand bed reactor to 
find out the degree of growth in liquid and on solid phase. 
Although it is difficult to separate the effects of shading, 
filteration rate, and transfer of cells from liquid to solid 
and ’/ise versa to conclude , but Singh observed that growth of 
algae on solid is more than in liquid phase. 

Misra (1975) used a inclined cascaded reactor# This 
cascaded reactor was equivalent to a series of stirred tank 
reactor, and had advantage of smaller variance of residence 
time in each reactor# It was expected that this would give 
synchroniza tion of algal cells, and thus better growth { 
(Frodrickson, 1969) • Ihis reactor was tested and it was found 
that there is a lot of mixing in first three cascades and last 
three cascades were almost unmixed. The algae settled down 
in last two cascades and thus there ''/as no recycling of algae# 

The design was hydro dynamically unsatisfactory and was 
abandoned. 

Misra (197^) cultivated Snirulina (from Laboratori dela 
loquette, Ffance) indoors and o^itdoors. It was found that 
Snirulina grow in indoor cultures hit '^/as bleached in outdoor 
cultures. Cultures were covered rith a cloth to redace light, 
and then some growth was observed, effect of adding glucose 

on the growth of algae was examined and it vas found that glucose 
increases the growth of Splrulina significantly. 


Seth (1972) analysed the effect of turbulence on the 
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growth of algae in turbulent flows, lie usel kinetic models 
of Lumry and Hieske ( 1959 ) Qnd Tamiya ( 19 ^ 9 ) in his analysis, 
Seth (1972) concluded that superimposi tion of random turbulence 
may lead to some improvement in efficiency but superimposi tion 
of random turbulence on secondary vortecies in Taylor apparatus 
does not lead to any improveraent in efficiency, 

b) V/OXl AT :C/.NPTrj. { DTPAT-lTIii^NT OF CITIL TN-:iIMSE:iINa ) 

As stated earlier the al^ae play- an important role in 
waste treatment. The work done at Tnv ironmontal Tnginoering 
Division, Department of Civil Cn3inGering, IIT, Xannur is 
reviored in this section, 

Bokil (1967) studied the effect of stratification on the 
growth of algae in a laboratory scale oxidation pond model, 
Manmohan Rao (l 9 ^ 9 ) used oxidation nond model to treat ferti- 
liser t/aste rich in nitrogen. Ee found that growth of algal 
kinetics reso'^bles that of bacteria, and that recirculation 
of pond effluent increases t’^e yield of algao, Sinha (1969) 
studied the harvesting of algae from oxidation pond by using 
chemical flocculents and filt ration, Pligh doses of alum 
were reguired for flocculation. Chemical flocculation with 
alum at reduced pE of 7 along with KMnO^ cost Rs, 6 , 9 /lb of 
dry algae. Clogging of filter and need of frequent back wash 
was observed in filt ration stu'^'ies, Tikhe (1969) used a 
variety of algicide and coagulents. He found that CuSO^I^ 

is effective in controlling algae, was found better 

than CuGO^^. T'erric chloride found, a© better coagulent 



than alutn. Chlorine and iodine were found less effective 
than EMnO^, ^iamachandran (l97l) studied the harvesting of 
algae by foau flotation and ex'-uinod the effect of surfactant 
concentration, air flow rate, pH and the effect of coagulation 
of algae with alusi on flotation. Saini (l97l) examined 
anaerobic digestion of algae to nroduce gas, and various 
harvesting methods. Saini (1971 ) found that algae harvested 
by auto-flocculation and foam flotation were suitable for 
digestion, while algae harvested by alum coagulation were 
unsuitable. Saini (■5971) reported 51^ destruction in volatile 
material in 30 days detention time at a loading rate of 0.03 
Ibs/cubic ft/day of volatile material fed. Sastry ( 1972 ) 
used cetyl pyridinium chloride and other indegeneous surfactant 
agents and oxaninod the effects of air flow rate, surfactant 
concentration and detention time on stripping parameters. 

Sahni (l973) induced flocculation by blending algae 
and recycling algal susnension through pump. Sahni (l973) 
claimed that in these methods the flocculation was induced 
by some high molecular weight no lye lectro litas released by 
mechanical stresses, which agi^lomerate the algae. His results 
showed th^t algae can be recycled to increase its se ttleability . 
Ke found that recycle of blended algal suspension containing 
polyolectrolytes responsible for aggelo.meration does, not 
increase the COD of the algae effluent i.e., there is no 
increase in waste treatment plant load. There are reasons to 
say that this method may be economically feasible and needs 
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to be developed. 

c) AT OTEi:'^ Cl^HTZ^S 

Fox of Laboratoiro de la tte , I'rance dosigned 

and built a res^lrating basin to groi^ Spirulina for food. 
Culture basin was a shallow pond 11 m x 3 x 0*06 meter 
deep, made of bricks morter and cemont. A null bar was used 
for stirring fhe culture* Crowtb. rates from 3*75 o/^i to 
7 g/ni ' were obtained. Fox calculated the cost of protein 
as Rs*5*So/kg, and proposed a 2 years programme for the culti- 
vation of algae on large scale. 

At Aurovillo, Pondicherry, India, algae are grown in 
circular tanks 21 feet in diameter and 24” in depth by using 
wind mill for mixing the algal cultures* They grow Chlorella, 
and use it in their diet. 

3h.abha Atomic Research Center, Bombay, is experimenting 
on blue vgreen algae Anahaena Tbruloae » Tlaeir emnhasis is on 
mechanism of nitrogen fixation, physiology of induction of 
nitrogen fixing sites, and the availability of fixed nitrogen 
as extra-cellular product (Sharma, 1974). 

Banaras Hindu University, Banaras , is working on algae 
and their emphasis is on the transfer of nitrogen fixation 
gene of algae to rice through a virus (Sharma, 1974). 

Central Rice Research Institute, Cuttack, and Indian 
Agricultural Research Institute, Now Delhi are working on 
blue green algae to use as biofertili'sier , 
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CHAPTER 3 


IVL^TERIALS AND METHODS 

3.1. PLAGE 

The studies reported in this thesis vere conducted 
at Central Food Technological Research Institute, Mysore, 
Karnataka, India. The experiments were performed inside the 
laboratory (indoor cultures) and outside the laboratory in 
open tanks. 

In an experiment it was observed that sun set and sun 
rise at Mysore are very sharp. Figure 3*1 shows the solar 
radiation, culture temperature and air temperature of a day 
in December and May. It was found? 

The time weighted average temperature of the day was at 
times 5 hours after sun rise, and 1.5 hour before sun set. 

The average temperature of the 2h hour-period was hours 
after sun rise, and 1 hour after sun set. Maximum temperature 
of the day was between 2-3 In Mysore there was approxi- 

mately 12 hr sun and 12 hours dark. Average radiation of the 
day was at 1 hour after sun rise and 1 hour before sun set. 

3,2* STRAIN 

Scenedesmus acutus 276 - 3^1 obtained from Kohlenstoff- 
biologische Forschungsans talt , Dortmund, ^Federal Republic of 
Germany was used in all the experimenra^i'^^ ^ 

“52226 

mm 


Acc, No, ^ 
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3. 3. * irjTRIBNT MXDIA 

Commercial urea 0.1 g/l as a source of nitrogen, and 
Gcenedin 0.2 g/l as a source of P, Mg, Fe , S and other trace 
materials- were used. The composition of Scenedin is given 
in Appendix 4. 

3.4. YATBR 

¥ater from Mysore water supply was used in all the o^lt- 
door experimants without any treatment. Hardness, chlorine 
and iron ions were determined, and are given in Table 3*4. 

TABL3 3.4 

ANALYSIS OF YATER USED IN OII'IDOOR CULTURES 


PTardness 
Chlorine 
Iron total 
pH 


7° J-Iarcli 1° Herd = 1 8 CaC0^/l 
less than 0.1 ppm 
less than 0.1 ppm 

8.3 


3 . 5 . IIQQQR CULTURE S 

All the indoor experiments wore performed in thermostats 
specially designed for algal cultures by Kniese Apparatebau 
GmbH Marburg (Figure 3»5)* Cylindrical tubes, conical in 
shape at bottom, 28 cm long and 3‘ om in diameter, closed by 
double bore silicone rubber stopp3rs were used. One tube 
which went down to the bottom of the culture tube ^>r3S connected 



FIGURE 3-5 THERMOSTAT FOR 
INDOOR CULTIVATION 
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to air lina tlirou;‘^h air filter and regulating valve 
(Figure 3«5)* The air flow rate for 100 fnl algal suspension 
was 3^0 - 400 ml/oiinute. This flow rate of air was enough to 
keep the algae and nutrient ^edia in suspension* Fach side 
of therinostat could take 10 tubes, and was illuminated by 
five 40 watt cool-white fluorescent tubes, which gave 6,000 
to 7 > 000 lux light on the surface of the culture tubes* Timers 
were attached to each thermostat to program the light-dark 
duration by switching on and off the lights* The tubes were 
kept in the thermostat randomly, and their positions were 
charged daily to neutralise the effect of position of the 
tubes and aeration rate on the growth. Indoor culture studies 
were customarily conducted with 100 ml nutrient media (0#1 g/ 1 
Urea, 0,2 g/l Scenedin) in distilled water at 25-27^^0, unless 
specifically mentioned. /-bsorbance and pR were measured at 
least once daily in the morning after making up the volume. 
Microscopic examination for contaminants was done at least 
ever 3 r alternate den/- 

3.6. OUTDOOR CULTUIFS 

The tan^cs of Indo-Germen A Iga 1 Pro ject , CFTRI, M^reore 
were used. An overview of outdoor cultivation system of XGAP 
is shown in Figure 3*^*1 • shown in the figure there were 

15 tanks (2A tanks, 8 B tanks and 5 0 tani^ of 55? 5 

raeter ' surface area res'oec'ti'voly). Figure 3«6.2 sliows a closer 
vi ev of an 'A' tank. Ttiese tanks ’'-fere made of blue PVC Sheet. 
The dinenoions of the tanks are given in Table 3*6.1 




FIGURE 3*6-2 CLOSE UP VIEW OF 
AN 'A' TANK 
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and Figure 3,6,3, The turbulence in these tanks was provided 
by paddle wheels, driven by AC motors. Air From a blower was 
passed in the tanks through porous tubes from 8 . 30 A.M. to 
5 P.M. 


Normal operation of a tank begun with the removal of 
all algae from previous run. Ihe kno’-rn volume of water 
metered by water meter was taken in tank, urea and Scenedin 
were added, and was inoculated b 3 /’ a fresh culture of algae 
to give algae concentration from O.O 5 g/l to 0.1 g/l. Tanks 
were generally started in the evening to avoid loss of thin 
cultures by photooxidation. Evaporation losses were made 
up by adding water in the evening, and pH, absorbance and 
temperature were measured at least once daily in the morning.. 
Tanks were swept before taking samples. A fine wire mesh was 
kept near the paddle wheel across the flow to collect and 
remove insects, leaves, etc. Bottled carbon dioxide was 
metered by rotameter, and bubbled through polyethylene pipe, 
'■irhich was kept . lengthwise in the tank. A trnasparent poly- 
ethylene sheet 400 x 75 cm floating on the surface of the 
culture was used to entrap and increase the holding time of 
carbon dioxide bubbles. 
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TABLE 3.6.1 

DD-IENSIONS AND OIHEB DETAILS OF T:-!E TAKfCS 


Tank 

Leng tK 
cni 

X 

¥idth 

cm 

Y 

Paddle 
s ise , 

'HiGel 

om 

a 

Depth. 

cm 

Motor 

Kw 

A 

2210 

108 

106 

22 

40 

0.37 

B 


54 

56 

22 

28 

0.18 

C 


54 

56 

22 

2S 

0.1s 


3.7. HARVESTING 

Harvesting laboratory of the IGAP was separate from 
the biological and che-nical laboratory. Centrifuge , drum 
drier end blower used were in this laboratory. 

a. CENTRIFUGE 

Vestfalia separator typo 5A 7-06-076 was used to 
centrifuge algal suspension from outdoor tanks. This centri- 
fuge was disc typo, and date thickness was 0.05 cm. In this 
type of centrifuge, suspended solids accumulate on the side 
of bowl until they reach a prede termined level, and then 
are discharged as the bo'-rl open*. Iho bowl closes and normal 
operation continues after the ejection of solids, which 
occurs in 5 "to 15 seconds depending upon preset value . There 
was provision to direct the centrifuge effluent either to 
algal tanks or to effluent tank. 




6o 


b, DRIER 

Ssclier:'iry 3 s drum drier tnodoi SSI. 55 used for drum 

drying the nigae. The drum drier is bee tod up by three 
induction coils, end the to np 3 r? t’uro oi' the drum surface is 
maintained by controlling current in the coils by automatic 
controller. Tl-ie algal slurry is sprajrGd on the surface of 
the dr’jm by air ejection and rotating discs. 

3 » 8 . PEYSICAL ANALYSIS 

3 ’®*'** DENSITY - Tho oncical densities of samples were 

measured by using Medico Hiotometor tube of 2 cm in diameter 
at 560 nm. TLie algal samples uoro' stirred before taking optical 
density by magnetic stirrer. to four samples were taken 

and mean of tho optical density was recorded. The least count 
of the photomator is 0.005 betr^roen 0 and 0.3 optical density 
unit. 

3.8.2. LIGHT - Illuminance wap measured by using Lux meter 
(0, Lang, Berlin), or Joule motor (Yellow spring instrument 
Co, Oliio) . Illuminance was rr.'nsured in the morning between 
8.30 to 9.30 A.H. 

3.8.3. DIGS OLYBD OlHfGBN - Dissolved oxyg in in cultures was 
measured by dissolved oxygen motor (ilodel Oxy 56) WTltf. ’’hen- 
ever required a Sevogara S recorder (Goerz: Electric GmbK lien) 
was used to record the dissolved oxygon.- The electrode was 
polarised for 12—24 hours before use. The meter was standar- 
dised everjr third da^/- with zero dissolved oxygen solu-fcion and 


air saturated water. 
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Dissolved Oxygen^ pK, ternpeira turo of the culture, 
temperatui’e of the air and solar radiations ‘vere measured 
and recorded on a six channel rocorier for out door experiments* 
In addition, temperature of the air, and rain ^^ere recorded 


continuously 



PRY SIC0^CL’3MIG.'-.L ?RQPE.R":^03 AN3 GROSS PAR^llQTERS 

This Chapter is divided into t^iro sections t l) Physico- 
ch3n:)ical properties required for algal mass culture, and 
2 ) The effect of gross parameters on the growth of algae# 

Physical properties of algal cultures like density, viscosity, 
packed cell volume, and light absorption coefficient were 
determined and are reported. Cross parameter section of 
this chapter deals iArith the effect of nutrient c oncon tration, 
mixing and aeration, inoculum size, recycle of clear liquid 
from centrifuge to tanks, effect of pH, and pcrforraance of 
centrifuge and drier. 

4.1. * PKY3IC q^CHEHICAL PR0?3)RTI2S 

Physical properties of algal culture and algal slurry 
are important for the design of algal tanks, harvesting units, 
and drying units. D-'^^nsity and viscosity of algal suspension 
are required in solving flow, mixing, and mass transfer problems* 

4 . 1 . 1 . • OPTICAL Dr:!'TGITY 

The relation between optical density and dry wei-»ht 
content varies according to the environmental conditions of 
algal culture, and from strain to strain. In this set of 
experiments the relationship between optical density and 
dry weight content for Scene do smus acutus was determined. 
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a. I«f5TE-I OP 

500 ml to 2 liter samples vore tanken from tank culture, 
and were Tiltered tlirougli coarse cloth to roraovc co ntaminants 
(insect, otc*)« Optical donsit^r oi sample vas determined 
using Medico Photometer at 56 O nm in 20 ram diameter Medico 
Photometer tube, methods “roro used for estimating dry 

weight content, Experiments were done in duplicate# 

1 ) A known volume of samolo was centrifuged at 3,000 RPM 
for 10 minutes. The sodimontod colls were washed thrice in 
distilled water, transferred to weighing bottles, dried over- 
night in oven at 110°C, and weighed, 

ii) In this method the algal suspension was filtered 
through a millipore filter of 3 jj^pove size. The algal slurry 
on filter paper w<as washed thrice by distilled wdter, dried 
in oven at 90^C and weighed. The method of Algal Assay 
Procedure, Bottlotest (l970 '"'Tb.s used, 

b, RE-OULTS 

Dry weight contents in mg/l obtained in t^vo methods are 
plotted against ontical density in Figure 4, 1 ,1 A* 'Ihe dry 
7/Gight contents using filter paper were alT/ays higher than 
centrifuge method. This means that some colls are lost 
during washing. Correlation coefficients by r5grossion analysis 
comoutod from the data are 1#D3 + 0,085 for c mtri fugation 
method and 1,1 -*• 0,06 for filter paper method. 
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FIGURE 4M DRY WEIGHT VERSUS OPTICAL DENSITY 
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c . DISCUSSION 

^ifforont ;>7orkor£ b-^ve used diTforent wavele ngtlis for 
optical densit^^ ^.oasiirenaents • Algal Assay Procedure ( 197*1) 
does not suggest :\ny >javo length for absorbance measurements. 

It is reported (Algal Assay Procedure 1971) that relative 
optical densities at 600 , 680 and 750 nm are of the order of 
70:500:1. In cur experiments it was found that optical density 
at these wave lengths are of the order 5. 4:6:1. A record of 
optical density cat different wave length is shown in figure 
4.1.1A* In this work optical density at 5^0 nm was measured 
because the equipment with a filter of 560 nm was readily 
available, the relationohip between dry weight and cutical 
density was found linear at this wave length, and there was 
almost 1:1 relationsbin between optical density and dry weight. 
Zahradnik (1967/) measured the optical density of Spenodosmus 
quadricauda , Chlorella oyrenoidpsa and CblorGlla ellips iodea 
at 420, 560 , 690 and 750 nri, and found ':h'it thu* values of 
optical density at 750 nm oxTeibit the lowest variance. It was 
found in oi3r studios that the double beam spoctropho tome tor 
(model 124, Perkin Elmer) does not give stable optical density 
reading at 750-730 nm. In this thesis all graphs are reported 
in terms of optical density of culture. Numerically the value 
of grams/litre and optical density can be taken as almost the 
same • 

4.1.2. DENSITY 

Sinking velocity of algae, which is a function^ of 


density is an important pcarameter in designing settling tanks 
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FIGURE 4M'A ABSORBANCE OF ALGAL CULTURE 
AT DIFFERENT WAVE LENGTH 



Bella (1970) developed one dimensional mathematical model to 
simulate the combined effects of sinking velocity and 
vertical mixing on the growth of algae in lakes. Algal sink- 
ing velocity and vertical mixing control the relative algal 
population in a mixed culture of algae. Increase in mixing 
a Iways favours the algae with higher sinking velocities by 
exposing them to the sunli^Tht in the euphotic "sone , and reduc- 
tion of euphotic sone depth favours the algae with lower 
sinking velocities (Bella I970). Most of the blue green algae 
have lower sinking velocity and its growth rate in lakes can 
be reduced by artificial mixing. 

a. tiBlHOD 

Relative density of algal suspensions of different con- 
centrations were determined by using density bottles. All the 
densities were determined at 30 +, 0 . 5 °' 7 . 

b. RESULTS 

Relative density of thick algal suspension from centrifuge 
was determined and is shown in Figure 4 . 1 . 2 . The density of 
algae versus dry weight is given by a line p = 1 + .0033’^'^. 

'Tiere , is relative density and w is °/o dry solids in the 
suspension. This relative density and dry weight relationship 
can be used to determine the dry weight per unit volume of 
slurry by reMive density measurement using hydrometers. 

4.1.3. ¥ET PAG ICED CELL VOLUME 

For thick algal suspensions, the optical 
density method is not suitable for determination of 
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ap'DiTopria i:e • Thic^I suspensions b.vq encounteiT’Gdl in 
centrifuges and driers. 

a. MSlItOD 

10 ml of algal suspension was taken in a conical bottom 
graduated centrijfago tubes, centrifuged at 5^0^^ for 5 

minutes, and tlie volume ox wet algal cells determined* The 
wet packed cell volumes versus percent dry algae is plotted, 
and is sbovn in Figure algae in suspension was 

determined by the niethod given in section 4-1 .1 using 
centrifuge . 

b. R5SULT3 idID DISCUSSIONS 

¥et packed cell volume versus dry algae in suspension 
is plotted in Figure 4.1.3 Tbe wet packed cell volume 
was found about 10 times the dry algao fo in 3usT>ension. 

In packed cell volume determination experiments a brown 
layer was always found on fche ton of the algae sludge after 
centrifugation. This sludge was examined under microscope, 
and was found to be of empty algal colls without chlorophyll. 
"^Ihy these cells were coloured brown is not known. 

4.1*4 VISCOSITY 

The viscosity is one of the engineering parameters 

often used. Viscosity affects the flow of liquid and is used 

in solving flow, mass transfer and heat transfer problems. 

a. SX?5RI!^NTAL MF'TF^QD 


The viscosity of thin algal suspensions was determined 



Packed Cell Volume 



by using Cannon Fenske Viscometer, and ot tbick slurry by co- 
axial cylinder -viscometer (Rheostat - 2, Veg Kornbinate Medizin - 
Und Labortectinik) . The viscosities were determined at 27^0* 

be RESULTS ARP DISCUSSION 

The viscosity ot thick siisponsions is plotted against % 
dry weight in Figure 4*1.4. Centrifuged algae contain about 6fo 
dry weight solids. Each point is the average of many readings, 
and the scatter around 1 .5f^ is due to changit^ the cylinders 
in the viscometer. 

4.1.5. LIGHT ABSORPTION COEFFICIEH T 

Light absorption coefficient for algal cultures is required 
to determine the optimum depth of cultures, and flow parameters. 
In this section the light absorption coefficient was determined. 
Standard Algal Assay Procedures do not specify the units in 
which radiations should be measured, although, the units reported 
are lux* Lux does not give much information. In this work lux- 
meter was used to measure 'bhe radiations, and approximate 
conversion factor from lux to watts/m was obtained. 

a, EXPBRII*1SNTAL METHOD - Ttie solar radiations available at 

different depfhs in algal cultures of different concentration 

were determined by using lux meter (0. Lang, Berlin). Light 

absorption coefficient was calculated by using Beer Lambert's 
— XCd. 

law: I = lo e ' ^ where ,Io and I are light intensities at 


the surface of the culture and at a depth d in cms from the 



sity Centipoise 


72 



0 I 2 3 ^ ‘i 6 7 

Percent Dry Algae Content 


FIGURE-4-1-A VISCOSITY OF THICK ALGAL 
SUSPENSION 
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surface and C is th.3 concentration of algae in medium in g/l» 

For conversion factor de termin? tions Joule meter (yello"/f spring 
Go., Ohio), and Lux meter (O Lang, Berlin) were used simul- 
taneously. 

b . RESUL TS 

''Hao ratio of J/ lo is plotted against tae product of 
con centra tion in g/l and depth, in cms on semilog paper, and 
is shorn in Figure 4.1.5. 

The absorption coefficient for Sceriodesmus acutus ^reis 
found to be 1.369 J/s- cm. Conversion factor under clear sky 
was 1 lux .109 va tt/me ter^“ . 

Beer Lambert law holds good for solutions. Algal 
cultures are not sol^itions but suspensions , and scattering 
of points in Figure 4*1,5 may be due to this only. However 
the analysis gives an average value of light absorption 
coefficient to use. 

c. DISCUSSION 

Tamiya et ai. , (l953) measured the value of extinction 
coefficient of ChlQr-::‘llev olliosoida and found its value to be 
.41 l/ml cn. Tb.e value of coefficient calculated by them using 
the data of Fmerson and Lewis was 0.23 l/ml c n. These values 
in terms of l/g cm for Geenadesmus are 4.2 and 2.3 respectively. 
In the experiments of Tamiya et al. , (1953) Fmerson, the 

value of extinction coefficient were determined at different 
wave lengths and average was taken. This method (Tamiya 
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and ^merson^s) of de tormina tion of extinction coefficient is 
sensitive for reflection, refraction, scattering of light, 
and collection efficiency of the equipment. The direct method 
of measuring light at different depths used in this work is 
free from these drawbacks and gives mere realistic value 
of extinction coefficient to be used in field experiments.. 

In algal cultures the saturation depth and compensation 
depths can be defined as the depth at srhich 85 ?^ and 999^ of 
the radiations are absorbed. For this definition the satura- 
tion and compensation depths for algal culture of concen tration 
0.5 s/ i 8.8 cm and 10.6 ems respectively. 
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4.2, GROSS PARAMETERS 

Effect of pH and nutrient concentiration on growth, the 
gain in yield by mixitg and aeration, the possibility of 
recycling the clear liquid from centrifuge to tanks for growth, 
and optimum inoculum size are tbs gross parameters considered. 

In this section the effect of gross parameters on the growth 
of algae is presented, 

4.2.1. Num lEHT C ONCENTRATIOM 

Algae require carbon, nitrogen, oxygen, phosphorus and 
trace elements for growth. Of those, nitrogen and phosphorus 
are considered as major elements governing the primsiry producti- 
vity of algae. Although considerable work has been done on the 
nutrition of microorganisms, adequate information concerning the 
inorganic requirement of algae seriously lags behind the progress 
made in the study of their organic metabolism (Hunter et al. , 

1950 ). The inorganic requirement of algae is reviewed by 
Kirauss (l953), O'Kelley (l97t), Kuhl (1974) and Stewart ( 1968 ). 

Ihe role of nitrogen in eutrophication is reviewed by Horne (l97l), 
and of phosphorus by Bra-ira (1971) and JCiihl (1968). 

Nutrient medium composition used in the cultivation of 
algae differs widely in total concentration and in relative 
amounts of individual element. In most of the cases it seems 
that nutrient media composition was chosen empirically. 

Table 4.2.1 shows the absolute and relative values of nitrogen 
and phosphorus used for algal cultivation by different workers. 
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TaBL'S 4.2,1 

NITBOS-EH AI-D ?K03??I0BUG CONCENTRATIONS AND 
IffETR RATIOS USED IN ALGAL CULTIYATION 


Algae 

Ilitr ogen 
source 

? 

source 

N 

g/1 

? 

^/1 

Ratio 

IT/P 

Re ference 

Chlorella 

KNO^ 


0.206 

0.056 

3.64 

"Marburg Medium 


Ca(N03)^ 





"'^assniic et al. , 

(1953) 

C 

p 

KNO3 


0.080 

0.030 

2.70 

Benson medium 
"^ssnik et al., 







(1953) 


^iNO^ 


0.168 

0.230 

0.60 

Myer * s me dium 

r^rauss (1953) 

% 

KNO3 

KH^PO^ 

1 .39 

0.278 

5.0 

Davis et al, , 

(1953) 


IQ-TO^ 

NH^PO^ 

0 . 476 " 

0.19 

2,48 

Guramert et al, , 

(1953) 

C 

P 

KNO3 


0.-635 

0.57 

1.02 

Gottesman (l 953 ) 

C 

p 

KNO3 

KE^PO^ 

O..346 

0.57 

0.60 

Ar thur e t a 1 . , 

(1953) 


:oto3 

KH^PO^ 

0.346 

0.285 

1 .21 

-do- 


KNO_ 

KH„PO. 

0.35 

0.558 

O.-627 

Davis et al, , 

p 

J 





(1953) 


Urea 

KH^PO^ 

1.68 

0.285 

5.9 

Myers, et al. , 

(1951) 

C 

e 

Urea 

KiI,PO^ 

1.69 

0.335 

5-02 

Mituya et al, 

(1953) 

C 

V 

XNO3 

KH^PO^ 

0.35 

0.56 

0.625 

Geoghegan, (l 953 ) 

Sq 

Urea 

KH_PO. 

0.59 

0.278 

2.12 

Davis et al. , 



eit H- 




(1953) 

Sq 

Urea 

KH^PO^ 

0.56 

0.155 

3.62 

Ann Rep, I 968 

Sa 

Urea 

Scenedin 

0.074 

0.022 

3.52 

IGAP 

Mixed 

Urea 

KH PO. 

1.69 

0.285 

5.9 

Swatninathan (l 97 l) 


Cultures 


Cp - Chlorella -oyrenoidosa 
“ Scenedasrau s auadricauda 


Ce - Chlorella ellips oidea 
~ Chlore 11a -vulgaris 


Sa — Scenedesmus acutus 


In this section the olTect oT changing the urea and 
Scene din concentra tion and their ratios on groxirtli indoors 
and the efrect or urea and oconedin concentration, vhen they 
are in the ratio 1 ;2 outdoors are presented. The indoor 
exporinsnts were condicted to find oul; the optifiiun nitrogen 
and phosphorus ratio and their absolute values for the 
growth of algae. Once having found this in indoor cultures 
it could be verified in outdoor cultures. 

I. INDOOR CULTIRSS 

a. SXPSRIMDNTAL MD‘Ii:0D3 

In culture tubes nutrient rnodia of different composition 
was taken. The concentrations of urea and Scenedin taken and 
their N/P ratio are given in Table 4.2.2. 

Tne tubes having nutrient medium of known composition 
wore inoculated with the same amount of inoculum, kept in 
thermostat, illuminated continuously and aerated with air 
only. The growth and pH, were measured daily in the morning. 
Duplicate tubes were kept for each concon tra tion. 

b. RESULTS 

T^i.e absorbance of the culture is plotted against time 
in Figure 4.2.1 A. Figure 4.2.1 B shows the pK of the tube 
culture at different time. The following are the important 
points to notes 

1 . Optical density in indoor cultures started decreasing 
after 5th day. pH of the medium also started decreasing, 
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TABLE 4.2.2 

UREA j-a*0 SCEI3EDIN C OWCENTELITION , AI© N/P RATIOS 
USED IN INDOOR CULTURES 


Si. 

No. 

Uroa 

g/i 

ScGnedin 

g/i 

Nitrogen 

■^pji 

Phosphorus 
mg/ 1 

n/p 

1 

0. 1 

0.2 

74 

22 

3.4 

2 

0.2 

0.2 

130 

22 

5.9 

3 

0.3 

0.2 

186' 

22 

8.4 

4 

0. 1 

0.4 

92 

44 

2.1 

5 

0.2 

0.4 

148 

44 

3.36 

6 

0.3 

0.4 

206 

44 

4.68 

7 

0. 1 

0.6' 

110 

65 

1.7 

8 


o 

« 

16^ 

65 

2.8 

9 

0.3 . 

0.6 

222 

65 

3.4 



Absorbance at 560 m,44 



Time (Days) 

FIGURE . 4-21 A- EFFECT OF UREA AND 5CENEDIN 
CONCENTRATION ON THE GROWTH OF ALGAE 
(INDOOR CULTURE) 





2 

4-2I.8 


Time ( days ) 

pH OF THE TUBE CULTURE 


and went down to 4 in few tubes. Ibe decrease in pH ani 
optical density was never found in outdoor cultures. 

2. The algae were growing even after exhaustion of 
nitrogen. In all the cases growth increased with increase 
in initial nitrogen concentration of the medium. 

3 , Nutrient media containing 0.3 g/i urea and 0.4 g/l 
Scenedin gave maximum yield and growth rate. 

c. DISCUSSION 

The concentration of urea 0.3 g/l and Scenedin 0.4 g/l 
which gave maximum yield corresponds to nitrogen 206 mg/l 
and phosphorus 44 mg/l. Prible and Marva (1969) found 
optimum concentration of nitrogen between 100 to 300 mg/l 
for Scenedesmus quadricauda . 

The lo'^'jer grovtb. in III set( 0*6 g/l Scenedin) indicates 
that there are some element/S in Scenedin '^/hich are toxic 
at higher concentrations, Scenedin 600 mg/l gives 27 mg/l 
sulphur and this concentration of sulphur may" limit the 
uptake of Phosphorus, which is 44 mg/liter. It is reported 
Prible and Marva (1969) that phosphate uptake is reduced if 
the concentration of sulphtir is high. 

II. OUTDOOR CULIURS3 
a. EXPaRIMDNTAL M3TH0D 

Outdoor experiments were performed in C tanks . Carbon 
dioxide was fed at the rate of 503 ml/minute in each tank. 
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This ’■fas found in earlier exporiiaents that this carbon 
dioxide rate is enough to make carbon dioxide non limiting. 

The experiments were performed in tyro series; in one series 
the initial concentration of urea was taken 0.1, 0.2 and 0.3 g/l» 
and of Scenedin, 0.2, 0.4 and 0.6 g/l respectively, while in 
other the concentration of urea was 0.1 and 0.05 g/l» ^^d 
of Scenedin 0.2 and 0.1 g/l. The optical density, pH and 
nitrogen were measured daily in the morning. 

b. RESULTS 

Absorbance of the culture against time is plotted 
and shown in Figure (4.2.1 C) . 

The important points ares 

1. The growth in the medium containing 0.1, 0,2, 0.3 g/l 
urea, and 0.2, 0.4, 0,6 g/l Scenedin respectively is almost 
same. 

2. The growth in medium containing 0.1 g/l urea^0,2 g/l 
Scenedin, and 0.05 g/l urea, 0.1 g/l Scenedin is same. In 
another experiment it ^ras found that protein content of algae 
vary from 63 ^ to 30 % depsnding upon nitrogen content of the 
medium, protein content are indicated in Figure (4.2.1 C) . 

3» Indoor and outdoor cultures are not comparable 

because of the different lij^t pattern. Ifhether carbon 
dioxide was limiting in indoor cultures is not fcno>m. 
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Time (Days) 


FIGURE - 4 2-1-C EFFECT OF UREA AND 5CENEDIN 
CONCENTRATION ON THE GROWTH OF ALGAE 
(OUT DOOR CULTURE ) 


K) OS 






85 


c. DISCUSSION , 

The results, that growth does not change with 
nitrogen concentration indicate that nitrogen is not 
limiting in outdoor cultures. This is possible because 
algae can readjust the nitrogen content of the cells. 

The change in protein content shown in Figure 4.2,1 C 
supports this hypothesis. Krauss (l953) has reported 
that protein content of algae can be varied from 8,7 
to 5S^ by charging the amount of nitrogen supplied. 

The difference observed regarding the response to nitrogen 
concentration in indoor and outdoor cultures may be due to 
their different growth conditions. Outdoor cultures were 
grown under day and night (light 12 hr, dark 1 2 hr ) cycle, 
while indoor cultures were gro^TO under continuous illumina- 
tion. Under light and dark cycle, outdoor cultures can 
readjust their nitrogen— carbon balance in night, and thus 
are not nitrogen limiting, but are photosynthesis limiting. 
The indoor cultures under continuous light are not able to 
readjust the internal nitrogen— carbon balance and are thtis 
limited by nitrogen supply. However, it must be noted that 
■fche two cultures can be compared on either total light 
received or on the basis of light-dark programming. The 
conclusion here is arrived at on the former basis. 

d, COHCnJSION 

The indoor and outdoor cultures are not strictly 
comparable because of the fact that light conditions were 
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di ff'ei'eri't , and It Is not kno'i^n tliat ^rlietlier carbon dioxide 
was limitirg in indoor culturos, Pnrtbieraiore indoor cultures 
seem to be inhibited by sulphur* In outdoor experiments it 
was found that i 

1 ♦ 3io -mass yield and rate did not depend upon nitrogen 
level* 

2# A high amount of Scenedin was not inhibiting* 

3* Sven though biomass yield was not affected (at different 
level of supplied nitrogen) protein value of the algae 

changed* Thus it seems that one can feed nitrogen and 
phosphorus in fairly high absolute and relative concentra- 
tion in order to keep the protein value and growth rate high* 
A logical extension of this experiment would be to feed 
nitrogen and phosphorus intermittently, instead of all at 
one time so that there will bo optimum utilization of 
these essential factors* 


4*2*2* HYDRQGSH ION C ONCSNTIblTIQN AI-TD BTCAR30NATE UTILIZATION 

Hydrogen ion concentration in algal cultures is 
important because it affects: 

1 • Metabolic fc notions of the coll 
2* HCO^ , CO^ distribution, and 

3# Solubility of nutrients. 

In outdoor cultures it is not economical to grow algae 
in pH buffer media at optimum pH. The possible alternatives 
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ar*e s l) to grow algae at ootimum pH (if there is any) 
adjusted by adding acid, and 2) growing algao without pH 
adjustment . 

In this chapter the possibility of using either of 
the two above is tosted4 Increase in carbon dioxide feed 
rate lowers the pH and increases the growth rate. The 
increase in growth rato may be either due to increased 
carbon dioxide concentration in the culture, or due to 
decrease in pH which makes the nutrient salts (phosphorus 
or iron) more soluble, and thus available for algal growth. 

At particular rate of carbon dioxide feed the effect of 
lowering the pH of the medium by adding acid is examined 
in this section. 

The reports in the literature on the utilization of 
bicarbonate by algae are conflicting (Habinowitch 19 ^ 5 )* 
Ostorlind (l9^8j 1950). has demonstrated that Scene desmus 
can utilise bicarbonates. G-ianelli (l97l) tried to use NaHCO^ 
as carbon source in miniponds treating nitrate waste by 
growing Scenedesmus quadricauda , and found that Scenedesmus 
cannot use bicarbonate. Important point to note is that 
in Gianelli's system the concentration of nutrients was 
very low. 

The pH of the tap water and culture media in our 
experiments was 8,3* Most of the carbon at pH 8.3 is i'O 
the form of bicarbonate only, and Scenedesmus grow at this 
pH. The question then is, 


can Scenedesmus acutus utilize 
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bicarbonate as a . sotirce '"O.f carbon. If Scenedesmus acut 4 S 
can utilise bicarbonate ions, then the cultivation of 
Scenedesmus at higher pH vould reduce the desorption of 
carbon dioxide from culture to atmosphere. The possibility 
of using bicarbonate carbon of sodium bicarbonate as a 
source of carbon in Scenedesmus acutus cultivation is 
presented in this section. 

a, BXPgRIMSNTAL METHODS 

All the experiments were done in C tanks with 5^0 
liter nutrient medium containing 0.2 g/l urea, and 0.4 g/l- 
Scenedin. The tanks were started with same initial inoculum 
concentration, and were without external sunply of carbon 
dioxide. In one ta-rfc pH was adjusted between 7»5 ®nd 8,0 
by adding commercial hydrochloric acid. In other tank pK 
was not adjusted. Absorbance of the culture and pH were 
measured daily. 

In another set of experiments tanks were prepared in 
similar fashion, and equal anount of carbon dioxide ( 3 OO ml 
minute from 9 A.M. to 5 P.M. ) was put into each tank. In 
one tank pH was adjusted to lower value (6 to 6.5) i>y adding 
HCl, while in other pH was not adjusted. In the same series 
a tank was run with NaHCO^ as carbon source (no carbon 
dioxide). In this tank with NaHCO^ pH was adjusted by adding 


HCl. 
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b, RESULTS - 

Absorbance versus time for tbe above experiinents are 
plotted in Figure 4.2.2 A and 4,2.2 B. 

Some important points to note are? 

a. There is no change in growth of algae by lowering down 
the pH of the medium by adding acid| when extra carbon 
dioxide was not added. 

b. -^t pK higher than 9*5 algae starts forming clumps, but 
growth rate was not affected. 

c. Ihere is no effect of lowering down the pK by adding acid 
on the growth of algae in carbon dioxide fed cultures, 

d. Scenedesmus acutus can use bicarbonate carbon as a 
carbon source (see Figure 4.2.2 B). 

e. The growth rate of algae with 200 grams NaHCO^ per day is 
same as in the tank with 300 ml/minute carbon dioxide, 

8 hr /day. 

c. DISCUSSION 

I. Effect of pH on growth (without external carbon dioxide) 
The addition of acid to decrease the pH disturbs the carbon 
dioxide balance, and makes the carbon of HCO^ and CO^ 
available in the form of CO^ for the growth of algae. The 
solubility of carbon dioxide at higher pH is higher, but 
concentration of free carbon dioxide is low because most 
of the carbon is in the form of HCO^ and CO^. At 
higher pH the transfer of carbon dioxide from the atmosphere 


12 3 4 5 6 

Time (Days) 

FIGURE. 4-2-2-A EFFECT OF pH ON THE 
GROWTH OF ALGAE 


Optical Density 
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X pH ADJUSTED, CO 2 300ml /Min. 
A pH ADJUSTED, 200g/Day 

NaHC 03 

UREA - 29/1 
SCENEDIN - 49/1 
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J I 
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Time ( Days ) 


FIGURE. 4-2-2 B EFFECT OF pH ON THE GROWTH OF 
ALGAE IN CO 2 FED TANKS 
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il 

to culture is h.igb.Gr because of tb.e cliemical reactions to 
give HCO^ etc* The increased ounply of carbon in cultures 
where acid is not added may compensate for decrease in the 
growth of algae, if there is any duo to metabolic inhibition 
at higher pH. It seems that in cultures without external 
supply of carbon dioxide , cultures are carbon dioxide 
limiting. 

At higher pH the nutrient salts (phosnhorus and iron) 
may be removed by precipitation, affecting the growth of 
algae* At pH higher than 8.4, only dibasic orthophosphate 
(HPO^^ ) is available. It seems that algae Scendesrnus 
^cutus use preferentially this form of phosphorus which 
is probably available from Scenedin. 

Effect of pH on carbon dioxide fed cultures 

Growth rates of Scenedesmus acutus increase • (although 
efficiency of carbon utilisation decreases) with increase in 
carbon dioxide feed rate (this is discussed in Chapter 8). 

Higher carbon dioxide feed rates increase the concentration 
of carbon dioxide, and lower the pH of the culture. The 
increase in growth rate of algao at higher carbon dioxide 
feed rate may be either due to higher carbon dioxide concen- 
tration or due to lower pH, which may make the nutrients 
more soluble. The results of this experiment show that increase 
in growth rate of algae is probably due to higher concentration 
of carbon dioxide in the culture, and not due to tho lower^ pH« 
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III, Utili'?;ation of Bicarbonate 

Bicarbonate provides a buffer to the pK rise and can 
supply utilizable source of carbon to algae* Je found in our 
experiments that Sceine desmus acutus does use bicarbonate 
(Figure 4.2*2 b). It seems that either bicarbonate or undisso- 
ciated ion can pass through cell membrane* 

The growth rates of algae in tanks getting 200 g/day 
sodium bicarbonate, and 3^0 ml/minute carbon dioxide for 
8 hours a day were same. 200 grams ISfaHCO^ corresponds to 
28 #5 grams carbon, and 3 OO ml/minute carbon dioxide for 
8 hours a day is equal to 70# 1 grams carbon per day. The 
carbon fixed in algae (calculated on the basis of the growth 
in 3 days and 50^ carbon in algae) was 20.8 grans carbon/ day* 

The efficiencies of NaHCO^ carbon utilization by Scenedesnius acutus, 
were found 72^ when calculated on the basis of carbon fixed 
in algae in NaHCO^ fed cultures, and 3^?^ ^ben calculated on the 
basis of carbon fixed in NaECO^ fed culture minus carbon fixed in 
algae in control experiment. In cultures with external supply 
of carbon dioxide the pH of the cultures were low, and there 
was desorption of csirbon dioxide from the culture leading to 
the lower efficiency of carbon dioxide - carbon utilization. 

The efficiencies of carbon dioxide -carbon utilization were 
calculated in the same way as those of IN'aHCO^ and were found to 
be 309 ^ and 159 ^. 

Litchfield and Hood (1964) have demonstrated the presence 
of carbonic anhydrase in algae. This enzyme can catalyze the 



The addition of carbonic anhydrase which 


dehydration of HCO^. 
can be derived frcsn algae grown in carbon dioxide limited 
cultures may further improve the utilization of bicarbonate 
and growth of algae in cultures without external supply of 
carbon dioxide . 

d. C PNC LUST ON 

The conclusions derived from these experiments ares 

1. In outdoor cultures without external carbon dioxide 
supply, the growth of algae is limited by carbon dioxide supply 
from air., and is not limited by metabolic inhibition upto 

pH 9.5. 

2, Lowering down the pH in cultures with external carbon 
dioxide supply does not affect the growth. 

3» Algae Scenodesmus acutus does utilise sodium bicarbonate 

as a carbon source. The effect of adding small amount of 
carbonic anhydrase in algal cultures needs to be developed. 
Algae grown in the absence of carbon dioxide may serve as a 
source of the above enzyme. 
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k. 2.3. MIXING AITl A:SR^xTIOH 

Mixing in tanks alfacts tko gro>7th. of algae in one 
or nioro of tliG follo'vriiig wo.Y&t 

l. Metabolic stimulation 
2. Mass transfer 

3# Light dark pattern 

The stimulation of metabolic rates of algae by mixing 
is kno^'/n from the time of Rutner, 19*^6, (Doty, 197*1)* Tkio 
effect of turbulence on metabolic rates is discussed by 
Soedor and Stengol (197'^)* Ibo of foot of mixing on mass 
transfer rates is revie>red by Thackston ( 19 ^ 9 ) • random 

turbulence caused by mixiurg can change light-dark oattern of 
algal cultures, Kok ( 1953 ) ^and Ihredrickson ( 1969 ) bave 
discussed the effect of light-dark pattern and turbulence on 
the growth and pho tosynthesis of algae. Theoretically the 
improvement in efficiency is exnocted, but some of the experi- 
mental results reported in the literature do not support this, 
Nassnik ( 1953 ) did not find any beneficial effect of mixing 
in li^ht in summer. Miller ot al.j (197D) found in outdoor* 
experimental channel using river "rater that the growth of 
biomass measured as chlorophyll Ld :!oos not increase with the 
increase in velocity from 0,25 ft/sec to 1 ,40 ft/sec. The 
growth of An aobaena cylindrica and Anabaena sniroides is 
inhibited by turbulence (Togg and Tl'in— Tun 19 ^ 0 ? and ^/olk 
and Phinney 1965^. 
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TANK Ci VOLUME 500 LITER 

» AERATION, 601 /min., air 
^ MIXINO 

X MIXING + AERATION 
■ WITHOUT MIXING AND 
AERATION 

— OPTICAL DENSITY 

— pH 


pH 


1-8 



Time (Days) 

FIGURE 4>2-3 EFFECT OF AERATIONj8.MlXING ON THE GROWTH 

OF ALGAE 
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TABLS 4.2.3* 1 

GRO'-r'II-; III TANIS ''ITl-rCUT j^ERATION AIE) hieing, 
TIIH A-5Ri-*TION; HIE N-TG, AID J^IEIITG + AERATION 


Growth rate 
g/m^ day 


'^itliout 2.1 

mixing and 
aeration 


Aeration 

2.42 

Mixing 

3*23 

Mixing and 

3.23 

Aeration 



fo ■ 

increase 

Eh/apora- 

tion 

l/m^ day 

^ Svapora 
tion ^ of 
total 
volume 

- 

6.92 

1 . 3 ^ fo 

15.4 

7 . 68 

1.53 

53.6 

10.68 

2.13 

53.6 

10.8 

2.13 


.3LE 4 . 2 . 3 . 2 


DISSOLVED OZYGEIT 


"T'J 


rANN C'JLTURES AT NIGHT 


Tank 

Tt^e a ■fc.'no nt 

Algae 

concentration. 

g/i 

Dissolved 
oxygen con- 
centration 
rag/ 1 


Tap water 

0 

5.8 


"•a ter saturated 

orifh. air 0 

7.86' 

C 

''^ith Mixing 

0.13 

7.5 

C 

Without mixing 

0.13 

0. 15 

B 

With mixing 

0.12 

7.7 


99 


At such low grovth rate of algae (without external 
carbon dioxide) there was growth of mites in the algal 
cultures* In tanks -with mixing it was very easy to remove 
larvae of mites by putting a wire mesh across the flow, and 
removing the mite eggs by taking out the screen and washing it* 
In the tanks without mixing it was very difficult to remove 
mite cells* The mite larvae form a sheath of algae around 
them and grow in it. TIae contamina tion by mite was more 
in summer, and almost no contamination in x^iiiter. Probably 
the growth of mite was retarded, by low night temperat^ire in 
winter or larvae were killed by 10 degree difference in night 
and day temperature in ’^/inter. Increasing the temperature of 
the culture in summer for l/2 to 1 hour so that it is 
injurious to larvae but not to the algae may be practical 
solution to reduce the growth of mites. 41gae in unmixed tanks 
after h days were settled. 

d. C PNC ms IONS 

1 . There is no gain by adding aeration over mixing in 
algal cultures* 

2. Aeration by paddle wheels is enough to keep the algal 
cultures aerobic in night. 

3^ Mixing is necessary to keep the poncentra tion of algae 
uniform, and to remevo mite larvae by using wire screen across 


the flow. 
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h.2,k, HSCYCLS OF CLl^Aa LIQUID FROM C:i:WTRIFUGS 

For economical commorcial production of* algae, the 
question of conserviiig water is very important* In this set 
of experiments the possibility of using clear liquid from 
contrifuge aftor harvesting the algae for algal culture was 
tested* 

a. r4ETM0D 

Indoor Experiments — The culture tubes containing fresh 
medium and nedium prepared in centrifuged clear liquid were 
inoculated by equal volumes of algal culture* The concentrcotion 
of urea and Scenedin in fresh and centrifuged medium was 

and 0*2 g/l respoc tivoly . Ttae tubes wore aorated and 
illuminated continuously* The optical density and pH were 
measured daily after making up tho volume of culture medium* 
Triplicate tubes were kept for each sot of tubes* 

II* Outdoor Cultures - Outdoor experiments were carried out 
in A, B and C tanks* Tho growth rates of algae in nutrient 
medium prepared in tap water, and nutrient medium prepared in 
centrifuged clear liquid wore compared. In one set of experi- 
ment the growth in fresh medium, and in contrifugod liquid 
aftor 2 cycles of gro’^^rth was compared. 

b. RESULTS 

Optical densities of indo'^r culturo and outdoor culture 
against time are plotted in Figure 4. 2 *4. One set of data out 
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of throe is plotted, Tfaero ”ras no difference in growth of 
algao grown in C'^^ntr ifuged cl: or liou.id,and fresh jnedium in 
each set* 


c. PI SOUS SI ON - H'13 growth of algae in fresh raedium^and in 
centrifuged clear liquid oiediun was found the same in indoor 
cultures. However, the tubes containing cetitrifliged clear 
liquid medium were found heavily contaminated by bacteria at 
the end of the experiment. Xn some tubes containing centri- 
fuged clear liquid media the growth was found better than in 
freshly prepared nutrient medium, and this ^ay be either due 
to carbon dioxide produced by bacterial contaminants from 
organic materials, or due to extra cellular materials (growth, 
promoting) produced by algae during growth* 

The outdoor tank cultures also did not show any 
difference in growth rate of algae in fresh and centrifuged 
clear liquid medium. There wore sono empty algal cells in the 
centrifuged clear liquid rec;^cl^d to tank after growing algal 
culture twice, but there was no difference in growth rate when 
compared with growth in freshly prepared medium. 

The results of this experiment indicate that algae do 
not produce any autotoxin, and water from centrifuge can be 
reused for algal cultivation* Xn vator recycled algal systems , 
higher c oncentration of nutrien ts can be ^^intained even upto 
harvesting time to have desired quality of algae. 
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d. COHCLUSIOn 

The coticlnsion derived from this section are: 

1 . Algeo do not produce any auto toxin. 

2, The cloar li.';uid from centrifuge can be recycled to 
algal tanks. 

4.2.5. INOCULUll SIZE 

The optimum initial concontration of algal cultures to 
start iirith is important for economical cultivation of algao. 
Very low initial concentration of algae to start algal cultures 
may be lost due to mho to oxidation. Very high initial concen- 
trations of algao result in high losses due to respiration and 
inefficient use of light energy due to shading. 

In this SGction invGS ti gcitions on optimum initial 
concenti?atio:i of algae culture to start Ttritb. aro presented, 

a , METEQD 

The experiments prosonted in this section zuevo done in 
B and C tanks, Tiio cultures >7ith different initial algal con- 
contra t ions were started >rxfh higher concentration of urea and 
Scenedin (0.2 g/l and 0,4 g/l) to make sure that nutrients are 
not limiting* Optical density and pH vore neasurod daily. 
Experiments v/ere done in duplicate and average is plotted. 
Optical density divided by initial optical density is plotted 
in Figure 4.2*5 



104 


b. RESULTS AI<rO DISCUSSION 

Tho gain in algal biomass ( OD at ntb. day - OD at 
(n — 1 ) th, day) is plotted against initial absorbance and is 
shown in Figioro 4.2.5 'Fho optimum initial concentration of* 

algae to start with was found to bo botwoen 200 mg/l to 
300 rag/l. The specific growth rate of algae decroases with 
increase in initial optical density (Figure 4,2.5 B) but the 
gain in biomass shows an optimum initial concentration of algae 
to use. This initial optimum concentration of algae may be 
a function of liquid culture, depth, and carbon dioxide fed to 
the cultures. This optimum was determined for 13*4 cm 
culture depth, and 500 ml/minute carbon dioxide (8 hr/day) in 
B tanks, 200 mg/l initial concentration was found optimum for 
C tank also (depth 12.45 eras, "ind carbon dioxide 200 ml/minute, 

8 hrs a day) . 

d. CONCLUSION 

Tho specific grovtn. rnto of algae decreases ^//itb. 
increase in initial concentration of algae, but the gain in 
algae mass does show an optimum at inoculum concentration of 
200 mg/l in B and C tanks* Othor things being equal, the 
experiment shows that there is an optimum inoculum concentration. 
However, to minimise tho cast of production per unit biomass 
all the costs such as the cost of laboratory inoculum, the 
cost of harvesting and the cost of production in outdoor tank 


must be taken into account. 
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k.2.6. EARYS5TING 

As discussed oarlier, t!io liarvGstiTig ot thin algal 
cultures is still an unsolved problenn* Th.e algal cultures are 
harvested at IGAP by using centriTuge (Yostialia soperator 
SA 7-06 076 ), and then drying the thick slurry Trom centrifuge 
on an electrically heated drum drier (Sscherwyss Model ESI. SS). 
The advantages ot using a drum drier Tor drying algae to 
reduce the moisture to a level where it can be stored saTo ly 
for a lotigor tirno are: 1. Drying ti:!ie is less, and thus the 
losses of vitamins, and amino acids during processing are low. 
(•^^ppondix 1 3 shows the 3 .V, , N.P.U. , and 3.C, of drum dried, 
sun dried, and cooked and sun dried algae). 2 . Ihe sudden 
change in temperature breaks the cell wall of algae making the 
protein ate., in the coll available for human system, and 
3» Sterilising the algae. 

4. 2. 6.1. C3NTR IFUGE 

Centrifuge used was operated at different flow rates, 
and it was found that centi-ifugc gives 100 fold concentration 
giving slurry containing 3 to 55^ dry solids. Algal slurry 
containing this much solid was easy to spray on drum drier. 

4. 2. 6. 2. DRUM DRIER 

The heat transfer coefficient for the drum drier was 
calculated on the basis of two experiments. Heat transfer 
coefficient calculations are given in Apoendix ( 6 ) and its 


value was ; 
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2 

Heat trails Ter coofficiant = 12 cal/cm hr 

This drier at optimum conditions vould dry approximately 

2 

20 liter algal slui-'ry per hour per meter of the drum drier. 
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3 UM£^Y AlTD CONCIXJSIOITS FAOM EXPERIMENTS OF PART I 


The Following propeirties were studied here: 

1) Optical density of cultures versus dry weight of solids. 

2) Densities of craltures, both thin and thick slurries. 

3) Viscosities of thin and thick slurries. 

4 ) Light absorption studies in situ in outdoor cultures. 

The effect of the following gross parameters were 
studied: 

1) Nutrient c on centra tion, and N/P ratio. 

2) Hydrogen ion concentration and bicarbonate utilisation. 

3) Mixing and aeration. 

4 ) Recycle of centrifuged clear .liquid. 

5) Inoculum size in outdoor cultures. 

In addition, drum drier heat transfer calculations were 
carried out. All the above studies were necessary to establish 
the importance of all the engineering parameters for scale-up 
studies * 

The major conclusions from Part I are as follows: 

1 . The density of algal slurries is not much different 
from water for practical purposes other than centrifugation. 
Since the operation of c ontinuous centrifuges depends on 
sli^t differences in density between thick algal slurries 
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and water, a relationstiip lias been obtained between the 
relative density of such slurries and water. 

2* The viscosity of slurries of algal cultures h.as been 
deter’Tiined Tor slurries upto 6%'^ hy wei^ght j solids . This viscosity 
is important Tor calculation oT mass and heat transTer to 
thick slurries. 

3. The depth oT algal cultures Tor optimum light absorption 
in situ has boon obtained. The light absorntion coeTTicient 
was 0*87 l/g cm. Saturation and cornpensa t ion dooths Tor algal 
cultixre oT 0.5 g/l algae were 3.3 cm and 10,6 cm resoec tively. 

4. 'Pee quantity oT nitrogen supplied does not seom to 
aTTect growth in outdoor culturciS. The rate and yield remain 
the same over a 6-Toid variation oT nitrogen suopliod. Hoxirever, 
the protein-carbohydrate ratio seems to adjust it so IT to a 

nitr ogen-limiting situation such that total biomass yield remains 
the same. 

5* The usual practice oT addirg acid to decrease pH oT algal 
cultures does not seem to aTTect the growth rate, whether 
external carbon dioxide is added or not. However, above pH 9*5 
the procipitat ion oT nutrients e.g., phosphate may aTTect the 
growth rate. Corresponding ly algal cultures oT Scenedesmus 
acutus seems to bo able to utilise eTTlciently dissolved 
bicarbonate jerovided the pH is not above 9*5* 


6 


^(Then external carbon dioxide is not added the eTTect 



114 


or aeration over mixing witli paddles is negligible. Hence the 
use or air to provide extra oxygen or carbon dioxide is not 
necessary. Yheti external carbon dioxide is added in the rorm 
or pure carbon dioxide then aeration obviously will contribute 
no carbon dioxide because or the low concentration or carbon 
dioxide in air. 

7* Clear centrirugod liquid can bo reused upto tr-’/o times to 
grow algae, hence saving valuable water and salts ror the 
cultures. Undoubtedly in large scale cultures some amount 
or rresh xvater should be added and same amount or centrirugod 
media should bo purged, to cut down on the concentration or 
toxic substances , ir any. 

8. Other things being equal, there is a higher yield by 
taking an optimum inoculum concentrat ion or 200 mg/l, in 
Scenedesmus acutus . The time -cost- optimum inoculum concentra- 
tion will have to take care or all ractors including harvesting 
and drying costs. The reported valtie may not be the same ror 
this case. 


/ 



CHAPTER 5 

5. 1 • MIXQTRQH-riC GRQTTH 

Many species of algae c^n gro'-^j in dark using organic 
carbon Tor tlieir oncrg^r and cell synthosiG. Droop, (19T^) 
lias given a list o f be tor o tropic and auto tropbic algae. 

-^-Igae of the genera Clilorolla and. Sc enedosmus can gro'i^ pboto- 
syntlie tically , but many strains can also grow in the dark 
utilizing organic carbon (iTnrortla I 962 ). It was thouglit 
that tlie growth, of* algae can be increased hy making it to 
grow in dark on organic rodiiced carbon and in light by photo-* 
s yn the sis. Su ch grow th a as be e n no rno d inix o tr o phi c gr ow th • 

In the G:*:oGriaeiits presented in this chapter, organic 
carbon (molasses, or glucose) vas added to vao algal cultures 
in evening in the hope that sone gro’.^th could be promoted even 
at night. This would then enable us to have a 2^-hour growth 
period, instead of a 12-hour period. 

a. EXPERIMETITAL 

Outdoor Cultures - All three sizes of tanks (A, B and C) 
were used in those GxperimGn.ts . There were two kinds of 


experiments possible: I) everything else, being the same 



total volume, nutri" nt composition, other 


(i.e., inoculum size, 
than sugars, etc.) a series oT the same-sized tanks could be 
used to obtain the effects of added molasses or sugars, and 
the effects of the modes and times of addition, 2) the effect 
of addition of organic carbon, ’^hen all variables e.g., size 
of inoculum and tanks, concentration of nutrient, capacity of 
taiic, etc,, were censiderod. Both classes of experiments are 
reported here. Th.o usual mode of addition of molasses was to 
add it at a concentration in the range of 0.06 to 0.2 g/l at 
about 5-7 p*ni. in the evening. Molasses from Mysore Sugar 
Mills, Mandya, M3rsoro , containing 42^4 reducing sugar was used. 
Later analysis reveals that molasses does not contribute to the 
growth (per so ) at nighl:. r-owever, this was contrary to the 
expected results of t^io oxoeriments. In view of the expecta- 
tion, no molasses additions were undertaken at day time. 

The analysis of the sugar content in the medium was 
carried out using the phenol Gulphui''ic acid \Dubois et al* , 
1956 ) wita a standard calibration curve (Appendix 5*0 the 
centrifuged clear liquid. Tho carboh 7 /'drato in algal biomass 
was determined by tho method given in Apnendix ( 5*2) using 
enthrone reagent . Microscopic examination for bacterial con- 
tamination was undertaken at intervals. 

A tacit assumption made in this chapter is that optical 
density versus dry weight follows the same calibration curve 
(Figure with or without addition of organic carbon. 



!!• Indoor Cultures 


In tube cultures^ indoors three tyipes 
of' treatments tried were: l) molasses added at the bogitining of 
the dark cycle, 2) molasses added at the beginnirg of ' the 
light cycle, and 3 ) molasses added in 4 doses at 6 hourly inter- 
vals* Air was bubbled through the tubes, but no extra carbon 
dioxide. Optical density of the cultures was measured at the 
beginning of the light and dark cycles. Experiments were 
carried out in duplicate « 

b. RESULTS 

I. Outdoor Oultures - Pigin?e 5*1 represents the growth 
(O.D.) versus time for one series of experiments where a set 
of control, control plus molasses, control plus carbon dioxide 
runs were made at the same time of year under identical 
outdoor conditions. In all tanks inoculum size, total volume, 
and tank size were constant. Table 5» *1 shows the difference 

in algal carbohydrate fbr one run between morning succeeding 
evening, next morning and so on when molasses was added. 

Bacterial contaminat ion was never significant, apparently 
due to the rather low sugar concentrations# Protazoa infection 
which took place occasionally at higher algae concentration was 
minimized by lowerirg the pH and raising it again after 2 hours. 

Figure represents the dissolved oxygen, pH and light 

conditions for one set of mixo trophy-runs. Figure 5* 1*3 
represents a semilogarthimic plot of about 40 data points 
(tabulated in Appendix 7 ) ratio of sugar to original sugar^ 
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FIGURE 5'M : ROWTHOF ALGAE IN 
OUTDOOR TANKS 
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(in medium) versus time multiplied by optical density. The 
data points of* Figure (5. 1*3) ^ire vitb the addition of 
molasses, pure glucose, outdoor ctHtures in A, B and C tanks, 
with, various initial inoculum concentration, and with a range 
of sugar additions, over the period September 1975 
December 1975* 


TABLE 5.1.1 


SUGAI^ Yo IN ALG-AE IH THE MORNING AFTER SUGAR 
ABSORPTION IN DARK, AND IN THE SYSNINQ AFTER 
HIOTOSYI-ITKESIS 


Morning 

Sugar 

Evening 

S-agar 

• 

00 

6 . 0 

00 

« 

00 

6.1 

9.3 

6.6 


II, Indo or Cu 1 tur o s - Figure 5»1 shows the optical density 
at the beginning of the light and dark cycles. Those curves 
do not show^ regular pattern of non-usage of molasses during 
night; in fact the optical density some times decreases during 
night. There is no explanation for this observation. The 
addition of molasses in intermittent mode leads to a significant 
increase in growth over either morning or evening additions 


when added only once a day. 
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FIGURE. 5-I-3 S/So VERSUS OPTICAL DENSITY x TIME 


optical Density 
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Time 

FIGURE 5*1*4 GROWTH OF ALGAE UNDER 

DIFFEREHT WOOES of molases 

FEEDING ( Indoor culture) 


P 


VOLUME 200 ML, TEMP. 27 "C 

AIR 300 ML/MIN 

— 7 PM TO 7 AM NO LIGHT 

O Control 

• 140 mg/l molasses/day 
at 7 

X 140 mg/l molassos/day 
at 7 p * nt. 

• l4o/4 mg/l molasses/ 
day every 6 hours 
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c* DISCUSSION 

I* Outdoor Cultioros Thour^h it vos thon^lit following Undo 
(1972) and Ogawa I 19 ? 2 ), tliat a algae can grow in the absence 
of light, using organic carbon, these experiments do not bear 
this out. Figixre 5*1 .1 shows that daring the night there is 
no gain in algal dry mass (as measured by optical density). 

On the other hand, the alga^e dry mass seems to absorb the 
carbohydrate in the course oi‘ the night and utilise it during 
the day time. Tnis then leads to increase in growth over 
the control experim.ent without carbohydrate. One possible 
explanation for the lack of growth daring night is that the 
algae were not dark-adapted for growth as were Ogawa^s (1972) 
culture. Since our cultures were grown in the laboratory 
under pho tosyntho tic conditions and then used as inoculum, 
these cultures never adapted for growth during night. It 
seems possible however^ that daring periods of low light inten- 
sity e.g., during the monsoon, some dark adaptation to organic 
carbon would result in higher yields. This idea needs to be 
developed. Tb,3 ideal of mixotrophy, i.o., phototrophic growth 
by day and organotrophy by night has not been achieved here; 
nevertheless higher biomass -Droduction has been obtained. 

Figure ( 5 . 1 . 1 ) shows that for the addition of molasses 
of 0.07 g/l per night for 3 nights there is a net increase of 
200 fo over control when carbon dioxide and molasses are used, 
150?^ over control when only carbon dioxide is used, and kSfo 
over control when only molasses is used. This is over a ^ day 
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poriod and growth Is about 17 best conditions 

used liero (carbon dioxide + mo lassos) « ii- range of nolassos 
concentra tions rirucH wider th^n used here would be necessary 
to arrive at the optimal concantra tion of molasses for best 
yield of algal biomass. However, due to the dangor of 
bacterial infection such a wide range was not tried. It may 
bo noticed that tho effect of carbon dioxide and molasses 
addition is comulativo i.o,, O'gual to tho sum of the effect 
of carbon dioxide alone and the affvjct of molasses alone. 

From Figur 5»1 *1 the follo’^dng table obtained. 

TABLE 5 . “! • 2 

INCREASE OF ALCnL 3I011A33 I’CR 24 HOUR PERIOD DUE 
TO AIR, i^IR -f C.IRBOF II OXIDE, AIR -i- MOLASSES AT® 

AIR + C.-.R30F DIOXIDE > MOLASSES 
(O.D. SCALE) 




- A i r mo I a s s e 3 

- air 

1 

-''■-ir carbon 

iioxi -o - air 

2 

Air + carb 
dioxide + 
tno lasses - 

Oth. 

evening 

0 

0.02 

0.02 

1 st 

evening 

0.02 

0.07 

0.09 

2nd 

evening 

0.045 

0. 140 

0.190 

3rd 

evening 

0.075 

0.225 

0.305 


The tabic? shows that the sum of columns of 1 and 2 add 


unto column 3* range of carbon dioxide and molasses 
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c on contra ti on whoroin this ofToct is pres .mt or optimal is 
not knovra. From the data, it may bo said that ior this rexi^e 
the errect of added sugar is cumulative to tho effect of 
added carbon dicxido, insuite of tho different metabolic 
pathways for tbu utilisation of tlieso substrates. Table 
5*1*1 shows tho difference in algal carb^>hyd.ra ta (An throne 
method. Appendix 5*2) in tho mvorning after molasses absorption 
in the dark, and in the evening after photosynthesis • Tho 
material balance on the algal carbon (assuming 50 carbon in 
algae) and tho molasses carbohydra te-carboTi is not satisfied 
using tho anthrono raethod. ilowovor, the table does show that 
sugar is absorbed in tho vdark, and used in tho day. 

The alternate method to obtain a carbon balance i s to 
use the growth during one day, subtract :)ut that due to photo- 
synthesis and check whotlior 50 % of tho residual algae is due 
tvo the added molasses. By this method, many oxooriments give 
an average of 35% carbon utilisation of the molasses— carbon 
(reducing sugars). Iho rejoinder cf tho^ molasses— carbon is 
not accounted for. 

Some of tho points to note from fi-gure 5*1*2 are as 
follows I 

1 * Tempera turo started decreasing since 2 p*m* (25^) and 
wont down to 15 ^ ^ a.m. 

2. oH of the culture started decroasing from 9*6 at 5 P*ni* 
to 7 at 4 a.m. This decrease in pH was probably due to the 
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low d.GSox'ption 2 ??^. te oT c^-irbon dioxx'lo * 21 ; low terapor'a tut'e • 

» 

Non— incrGa&G of pR in ni.g'ht su ?por*t:s that tlxero is no .growth, 
in night in cultures mo losses. 

Dissolved oxygen concontrr. tion in the tank with 
molassGS in ;this particular run was higher than the dissolved 
oxygen in blank tank suggesting that the addition of 
molasses does not increase the respiration rate of algae* 

Seme times the dissolved oxygen in tanks with molasses were 
found lower e.g*, in ono run: dissolved oxygon L.f water was 
5.8 mg / 1 , dissolved oxygen of water saturated with air was 
7*86 mg/l, in tank C (with 5^ 5 lucose aided at 6 p^*m* , 
optic3.1 density 0,13) it 6.9 in tank C (without 

molasses, optical d-en.sity 0 . 135 ) it ■'^as 7*6 Hiis 

loads to the conclasion tloot oxygen is not limiting in 
molasses fed cultures in nij’at. 

II. Indoor Cultures - Indoor cnlt'ures show much more yield with 
intermittent feedino of -v' lasses i.j., feeding molasses in 
4 dumps. This result of indoor intermittent feeding supports 
the abovo hypothesis that abs'^-rnti on o'f sugars is not a rate 
limiting step. In Cnaptor 8 , tn.e intermittent fs jding of 
carbon dicxido is discussed. Intormittont feeding of carbon 
dioxide a-lse loads to increase in growth r.xte. Perhaps inter- 
mittent feeding of n.’.trients loads to .a condition similar to 
synchronous cultures, ’/hich giv.es higher growth r.otos of algae. 
Tb.e increase in yield over the control at the end of 3 days by 
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adding 23 nig rao lasses into 200 culture day was 209^ 

when molasses was added in fhe morning, 172°^ when molasses 
was added in the evening and 286';4 /dien molasses was added in 
4 dumps . 

These results are oT considerable significance for 
algal effluent treatment systems* Intermittent effluent release 
orill lead to improvomont in treatment efficiency. 

d. ABSQRPriOM IGUSTITICS 

The plot of ratio of initial sugar concentration to 
sugar concentrat icn at any time t on log scale against the 
product of optical donsitj^ and time in hours (Fig, 5.1.3) 
is a straight lino. The scatter of data on lower right hand 
side of the graph xs due to the error in estimating very low 
cencontration of sugar in algal cultures.. This and the fact 
that the increase in growth '^f algae dir to molasses is in 
day time loads to the hypothesis bhat abvSirption of sugar follows 
the following reaction hinotics during the night: 

y\g “f S >•>- • . • • . ( 5 • 1 ) 

where,, Ag is algae, S is sugar, AgS rooresents algae in 

which sugar is stored. The abs .irption of suga.r by algae is a 
function of siurface aroa available for mass transfer and 
difference in sugar concen tration outside and inside the algae# 

Lot us assume the transport of sugar to the algal cell 
to be active transpo.rt, i.e. a transnort which utilizes A.T. P. 
to overcooiG the ooncentra tion gradient and is independent of 
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the concentration inside the cell. Tayloi' ( 1960 ) 
the transport ot glucos -3 into the al'^ae is active 
By this assumption the rate- of absor-’^t ioti cJTsugar 
night tiiao can be represented bv: 


found that 
transpor t • 


by algae at 


dS 
d t 


(5.2) 




where, S = concentration of sugar in rnodium at time t, 
a “ area ava liable f'or hthiss transfer and k = rate constant# 

But area available for sugar transfer ’a* is proportional to 
the number of cells or tha dry weight of algae per unit volume, 


- -- = K' A^y S ...... ( 5 . 3 ) 

dt 

where, Ka = K’Ag and Ag = concontra tic .1 of algae in culture. 
Integrating equation (5.3)r^— constant at night-time: 

So 

where, So is concen trntion of sugar in algal culture at time 

t 

t = 0, and X is absorbance of the aalbure. The value of K , 
calculated from Figure {5* ^•3) found to be 0*68 l/g.hr. 

At an optical density of O.A, 90 9^ of the sugar wiJ.l be absorbed 
in about 9 hoijrs , and at the same optical density 50 % will be 
absorbed in thre-o hours# 




...(5.^) 


li^ora the ahovQ iisctiS3i iti it is clGar th.e growth 

of algae due to organic carhon is -nade of two processes; 

1. The absorption of sugars and 2) the synthesis. Negligihle 
growth in night in presence of organic carbon suggests that 
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eitlaer tb.e syntlxGsxs process :‘-S slower tlian absorption of 
sugar, and is a rate limiting step or requires liglit for algal 
cell synthesis. This suggests that the organic carbon can be 
added at any time into tho culture T,,rithout making any 
difference in gain '"'f algae , since tho absorption of sugar 
is very rapid. The above conclusion can be extended to 
postulate that the growth and carbon utilisation efficiency 
can be increased by addirg the organic carbon intermit tently# 
The increase in growth of algae by Intermittent addition of 
molasses are reported (Sesbadri and Misra 1977 )* 

CONCLUSIONS - 

Following are the major conclusions from this Chapter J 

The absorpti on of sugar into the algal biomass is much 
more rapid than its utilisation for coll mass synthesis. 

2» There seems to be no growth as such at night time, 
instead the absorbed carbohydrates are used in the day time • 

3. At low concentration of molasses the effect of carbon 
dioxide and molasses addition is cumulative. 

4. The addition of molasses intermit ting ly increases the 
growth significant ly. 

5* 95^ '^f carbon goes into tho algae. Rest is probably 

lost in resnir 0 tion, etc- This loads to tho conclusion that 
addition of molassos does not increase respiration rate ^ f 


Scenedesmus acutu s . 
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6# Tho absoF'p'fci on of sugars in niglit foj_,lovs a rix’st 
order kiriGTjics rospect to sugar, and concontration of" 

algao as a parairaoter • 
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CHAPT^ 6 ' 


I iIXING- ?,lRi\MSTSRg 

In CTiar^ter 4 the effect of and aeration on 

growth, was discussed. There the conclusions are: 

1 * Mixing incx’eases tbe growth of algae by 5^/^ over 
the unmixed cultures. 

2. Aeration alone increases the grovrth by 

3 * There is no increase in growth by aerationLOV\«>o ^ 

4# The mixing b^r paddle wheel is sufficient to maintain 
aerobic conditions in night in algal cultures. 

In this section the effect of hydrodynamics of the 
tanks on mixing is discussed. 

To carry out a corral ete mixing analysis and experiments 
a sophisticated instrument such as a hot fij-m anemometer is 
necessary for the me ashore me nt of velocities and shear 
stresses. Since this "j^^s not available, the fla'^r parameters 
and a velccitir curve arrived at indirectly from tracer 
experiments « 

A mixing parameter of importance to algal studies is the 
'lispersion coefficient. The determine tion of lon.ji tudinal 
dispersion is necessary to obtain an estimate of vertical 
mixing and mass transfer coefficients for aeration and 
absorption of carbon dioxide. 
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In dense algal ctiltures, it is necossarcy that all the 
cells be exposed to light Uiiitormly. Hence ^'"n idea of hoT^r 
frequently cells from the bottom are brought to the surface 
will be useful. The best 7 jay to do this would be to inject 
known amounts of tagged particles at the bottom of the vessel 
and to do in situ sensing of the particles concentrat ions at 
various heights. Such a sensitive detector was not available. 
Hence the studies here have not touched this important area. 

Mass transfer and dispersion coefficients havo been determined 
however. 

The classical analysis of Taylor (1953) for pine flow 
has been extended by several authors to open channel flow. 

It is not clear that many of these equations can be applied to 
the present system because, here a paddle wheel was the source 
of energy (not gravity), and the amount of energy so delivered 
could not be measured. Morever the depth of immersion of each 
paddle (unkno^Am) strongly influonced the velocity and other 
dependent paramo tervS of the system. riowevor, an attempt has 
been made to correlate some of the hydrodynamic parameters 
using published information and to chec k whether experimental 
data and calculated values are consistent. 

a. EXPERIMENTAL liSTHODS 

Experiments were nerformod in all tho three siizes of tanxs 
with different liquid volumes. A measured quantity of water 
was taken in the tank and the paddle wheel started. After the 
flow was steady, a known amount of methylene blue was injected 
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An attempt was made to Tind out tlie electrical power 
consumed by tlie motor for different volumes of the liquid, 
but tbere was very little cbanno in tbe power consumed, and it 
was difficult to me a sure tbe change . A pitot— tube was used to 
measure tbe velocity profile in tbe tank* This measurement of 
velocity profile was not possible due to atmospheric wind- 
induced V ibra tions . 

T?ig following were tbj sources of errors 

1. The velocity measuroTm nts wore indirect (from dye 
studies) I though the open-channel flow theory may bo extended 
to the straight portions of the channel, rhe curved portions 
(even though baffles ^rere provided) did bring about some cross- 
sectional homogeneity in mixing of the tracer. Eencs the error 
in velocity measureinent duo to mixing at carved portions will 
provide some departure fl^om theory. 

2. The velocity at the surface of the tank was non-uniform 
especially where the paddle wheels provided considerable 
churning and turbulence. Also longitudinal waves were quite 
pronounced especially in C tames. 

3* There was considerable back mixing ox surface particles 
in the region of the paddle-wheels . 

b^ RESULTS 

The results are plotted in the sample curves^ Figures 
6*1, 6.2 and 6.3 for A, 3 and C tanks. The tabulated data 
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are given in Table 6# 1 , ’'rlilch gives all tl:e derived results 
from tbis section and the next. 

Some important points to bo noted are as follows t 

1* The velocity increases with increase in volume in the 
tank due to more of the area of the paddle being effective in 
pushing the fluid. 

2 « The curves of Figures 6.1, 6*2 and 6.3 ^are almost 
symmetrical after the first wave of skew distributed concen- 
tration. 

3* The algal cultioro exporinents usually lasted six days* 
Hence the question of mixing of li iiiid nutrients is not 
important because in raost cases the dyo was well mixed after 
about 15 minutes oven at the lo^-jost velocity. 

c. -THEORY Am DISCUSSION 

The liters tur e ha s be e n we 11 r o v io w e d by Fiseber (l973)* 
In th.G tre^tmont that follo'jrs, Dotna crude assumptions have 
been made to arrive at the dispersion coefficient; a regorous 
analysis and expericiontai sot— up for the dispersion coefficient 
would involve sophisticated aieasuremc-nts of the hydrodynamic 
parameters. Ihese meastirGments were not possible here. 

In a strictly two-dimensional open channel fluf the 
longitudinal nixing of a tracer into the stream can be, 
(following G.I. Taylor) expressed through a unique coefficient 



TABLE 6,1 TANK PARAMETER AND DII'ONSIONLESS NUMBERS 
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or dispersion. This coerficiont oT dispersion can then be 
related to the mass transior coeriicient at the suriaco for 
absorption of oxygen or desorption of carbon dioxide# In a 
three-dimensional flow, eddy coefficients in each direction 
have to be considered for arriving at transfer coefficients 
and mixing rates. Hence for a first approximation a two- 
dimensional model is useful. A different attack on the 
problem is to base the calculation of mass transfer on a 
surface renewal mechanism (lladka rni and Rassell 1973 ) • Tliis 
is an GmpiTical ■fcroatjnan'i: and bas loss claim io soundness. 

ASSUIiPTIONS 

Ttio assumptions mad© h-ono are usod to Justify ttie two— 
dimensionality and to apply tbo equations in tlie litera tiara. 

1 . The flow can bo approximated by two-dimonsional flow 

because tlie boundar 3 '' layers on tbe sides of tbe tanks are 
much thinner than the width or the height of the flowing 
fluid; w/h 1; h/*’’ 1; whore vr ±s the width of the tank, 

h the height of li-raid and L the length. The cuorved portions 
have baffles which minimise the effect of' curvature on mixing. 

2, The measuTGinent at the same stations of concentration 
pro -eLles with time-, but separated in time by one circuit of the 
tanlcs, gives -what would in a normal open channel flow, be the 
measiarement at different stations; i.e. im tead of x^ and 
where , Xg are two longitudinal stations at which the 
concentration time profiles are obtained, it is proposed to 
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use u"t-j ard ut^ wliere u is the mean flow velocity and , 

^2 times taken to traverse two successive circuits of 

tlae tank. 


3* The injection of tracer at the ooint of average velocity 
0.6 h, and subsequent sampling at the same point is equivalent 
to injection of -a lino source, for purposes of obtaining an 
apparent coefficient of dispersion. The reasonableness of 
this assumption is discussed by Chatwin (197^)*- 

4. Tho concentrat ion time curves are normally distributed 
(as sho".m in Figure 6.1) after an initial period where the 
skewness is pronounced. This (normally distributed) period is 
after the convective period where the diffusion equations of 
two-dimonsion flow are not anplicablo (Fischer, I968) . After 
this initial period the normality of the curves allows us to 
equate the time of travel of the diffusive cloud to the average 
flow velocity times the distv^.nco travelled (see Thackston, 

Hays and Tirenkol I 967 ). 


A number of ways of arriving at tho dispersion 
coefficient are reviewed by Thales ton, Hays and Krcnkol 
( 1967 ). Of the ’aothods given tho method of Fisher (1964) and 
Aris ( 1956 ) was choson hero as being tho most convenient. 
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"/here ^ = Dispersion coefficient 

St = Variance of the tino c oncentra tion curve 

for circuit 2 and 1 ^ l^jseo equation 6# l) 

At = hverage tim for one circuit 

u = Average velocity of liquid in tfink. 

These values are given in Table 6#1 and are in agreoine nt with, 
published values in laboratory channe Is , (Tha ckston, Hays 
and Krenkel 1969)0 The fornalae that have been derived 
relating to other nararctors such as friction velocity 
D^^could not be verified hero, vertical and transverse yilxlng' 
coefficients have been also predicted using the friction 
velocity. Ho-'/TOver, a useful prod! ction using the dispersion 
coefficient is: 

^2 ^ • (6*3) 

P 

h 

where, = Reaeration coefficient 
D_ = Dispersion coefficient 

JLf 

h = Eoiglit of the liquid in tank: 

= Constant 

Tills analysis is carried o’at in tlio next section, 
d. CONGLUSE ON 

On the basis ofthe above disc’ussion and results the 
conclusions derived are: 

1 , Average velocity increases with the increase in liquid 
depth . 

2. Dispersion coefficient increases with the increase in 


liquid height 
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Reynolds number based on liydraulic diameter is always 
greater tlian 595 x 10^, tliis Reynolds number in open channel 
(gravity ilow) is in turbulo nt fXaw regime. 

km Peclet number based on hydraulic diameter and dispersion 
c oe ftic lent varies from 1 to 3*3 tn most of" the cases. For 
any one tank it is reasonably constant within experimental 


error . 
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CHAPTER 7 


CAR30N DIOXIDE TRANSFER 

Algae contain 505^ carbon, ^^rhicb. is derived by photo- 
synthesis Prom carbon dioxide. Carbon dioxide budget is con- 
sidered as one oT the most important problem in designirg 
mass culture equipments • Ihe problem of" gas transfer in 
algal cultures maybe divided into three parts: 

Supply of carbon dioxide to algal cultures* 

2 . Desorption of carbon dioxide and oxygen to atmosphere 

through free surface of t'-e culture. 

3 « 'Quality, quantity and mode of carbon dioxide feeding. 

In this section the decarbonation coefficient (defined 
later) , mass transfer coefficient of carbon dioxide in 

tap i^ater, and their r ela tionship >rith hydrod^mamics of the 
ta rfes are presenteis The r’-^alysis done vitli tap water, 

because the methods of estimating carbon dioxide in algal 
suspension available are not reliable. Livanskoy et al., 

( 1973 ) have reported that mass transfer coefficient from water 
and algal suspension are same. However, the method of estimating 
carbon dioxide in algal s’ls pension by measuring carbon dioxide 
concentration in air saturated with sample, uses the same 
assumption, and is equivalent to measuring the mass transfer 


coefficient in water 



SUPPLY OF CARBON DIOXIDE 


The gas transfer eq^uipments to supply carbon dioxide to 
algal cultures must be efficient, small in volume and easy to 
clean. The following authors give a cross section of the jbype 
of equipments that have been used, 

!• Sparger (Cook, ^95^ t L0OT3e.Gt al. , '^9^3 j Zurraw et al. , 

1961 ) . 

2« Packed absorption column (Zlokarnik, I 9665 Prokes et al*, 

1969 ) • 

3* ^iug shaped hydraulic ju^p absorber (^mutek et a 1. , '^975)* 

4* Carbon dioxide in recirculating pipeing and helical 

casing (l^udas, 1975 )* 

5* Agitated gas liquid btibblo contactor (Prokos et al* , 19*^) 

6. Venturi liq^uid contactors; (3auor et al* , 1 9^3) • 

The disadvantage of spargers is that the plate tends to 
become fouled, and system requires ^eower to force gas 
through orifice or sintered plate* In packed bed column algae 
can adhere to the column nacking, while spray absorbers may be 
clogged during extended operation. Ding shaped hydraulic jump 
absorbers creates turbulence and are reported to be efficient 
systems. Supply of carbon dioxide into the recirculation 
piping or into helical casing of the pump were found unsatis- 
factory (Rudas et al* , 1975 )* absorption of carbon 



a nd thus bubb le 


dioxide is ligjiiid film I'esistanco c ontr'olliu'j , 
contractors are expected to be more efficient than spray and 
packed tower. Agitated gas liiuid bubble contactors are 
reported to be more efficient than spray and packed absorption 
columns. fhe venturi liquid contactor (Bauer et al. , I963) 
does not need a compressor since the suction a:t the throat of 
venturi provides the necessary deriving force* The limitation 
of venturi contractor is that it roquires loxv gas liquid ratio 
for optimum per fox'mancc . 

Carbon Dioxide Measurement 


The methods available for measuring cctrbon dioxide con- 
centration in liquids having suspended solids are not simple 
and reliable. Due to these difficulties the control and 
monitor of carboii dioxide in "^Igal cultures have been very 
difficult. ileasuring the carbon dioxide concentration in air 
in equilibrium with algal cultures for c -irbon dioxide concen- 
tration in liquid is nsoi by "^ahradnik (1967)? '^nd Livansky 
et al. , (' 1973 )* Those methods assune that equilibrium con- 

centration of carbon dioxide in water-air and algae -air system 
is same, which means that equilibrium coefficient is independent 
of algal and salt concentration. Seiionoico et al., (l 95 o) 
have shown that reaching oq'uilibrium even at very high aeration 
rates is very difficult. 

Mass Transfer Coefficient of Carbon Dioxide 

In spite of the fact that good amount of work has been 
done 00 carbon dioxide transfer, literature on mass transfer^ 



to aqueous 


of carbon dioxide firom the oubolcs of tlia gas 
solution is not much* Sven if available, tlie results are for 
situations different from ours. The carbon dioxide transfer 
process is influenced by solubility and rate of hydration of 
carbon dioxide, ■y/hich are affected by p!I and temperature of 
the culture. The present method of feeding the carbon dioxide 
in our system is not ver»y efficient, and has to be modified. 

Due to this reason the mass transfer rates from carbon dioxide 
bubbles to algal cultures were not determined in this study. 

However, it was of interest to determine the rate of 
carbon dioxide desorption from the algal tanks because the 
leaving carbon dioxide is not :ivaiiable for carbon dioxide 
budget of algae. 

Thus these expert' icnts '^oro carried out with the present 
spargers which wore used to bring the carbon dioxide concentra- 
tion down to prodeterminocl v lu 3S in the solutions. 

a. experutsntal methods 

1. Carbon Dioxide Supply - In this thv3sis a simple polyethylene 
tubes of diameter 2 cm. , and with one row of sparger holes at 
a pitch of 20 ems were used for bubbling carbon dioxide in tanks. 
One tube in each B and C tank, and two tubes of the same sizes 
in A tank were used. Algal cultures over pipes were covered 
by transparent polyethylene sheet, 400 cm long and 75 cm wide 
to reduce the loss of carbon dioxide to atmosphere# 



2* Carbon Dioxide Measurometit - In presont studies the carbon 
dioxide in tap v/ater was dotormined by measuring tho pH of the 
solution# Hie samples were taken from same depth (0#6 h, 
where h is height of the liquid in tank) in stoppered sample 
bottles# Sample bottles wore closed in water and pH was 
determined immediately. A standard plot of carbon dioxide 
content versus pH was preoarod ani is sho'^m in Appendix ( 5 '» 5 \ 
Carbon dioxide in tap water was moasurvod according to Deutsche 
Einheits verfahren Zur '/assar Ab. Vasser Uiid Schlamm - 
Untersuchung Appendix ( 5 * 5 ) • Ihis method uses the amount of 
acid and alkali consumed to bring down and raise the pH of 
the sanplc to fixed value for carbon dioxide concentra tion 
calculations. The above method cannot bo used for liquids 
having suspended solids or dissolved salts. In one of the 
experiments the amount of N sulphuric acid consumed to 

bring down the pH of the 50 ml of tap water, algae in tap 
water, tap water + 0.4 g/l ^irea , tap watjr + 0#1 g/ 1 urea, and 
0#2 g/l algae in urea (0.4 and 0*1 g/l) solution were deter-- 
mined. Tho volume of 0.04 IT s:ilT>huric acid consumed is plotted 
against pH in Figure 7*1 Figure 7* 1 shows that urea 

has a buffering capacity and. thus tho method used in estimating 
carbon dioxide in ta o water cannot bo used for solutions con- 
taining nutrients and/or algae. 

3 * Mass Transfer Coefficient - All sizes of tanks were used 
for the mass transfer studios with different voluoe of water. 



vs Acid added 
Acid 0-04 N H 2 SO 



FIGURE 7-1 BUFFERING ACTION OF UREA AND ALGAE 
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Measured volume of i^a*fcer '^'•/as taken in tlie tank^ the paddle 
wheel was started and carbon dioxide was bubbled to saturate 
the water with carbon dioxide in tanks to pre— determined values# 
Carbon dioxide was stopped and samples were taken at different 
intervals of time for pH measuremont. Transparent polyethylene 
sheet was removed at the time of desorption studies. The con- 
centration of carbon dioxide in water was determined from 
standard pH versus carbon dioxide concentration curve ^ 


In this work, the water in tank is assumed completely mixed 
and the concentration gradient in longitudinal and transverse 
direction is ignored. This assumption is justified when the 
total time which is very high is compared with mixing time and 
time of one cycle. In completely mixed tank the mass transfer 
equation can be written 

- 52 = Ic ( c - cs) ( 7.1 ) 

dt 


’-Jhere , C = carbon dioxide concentration in water, Cs = concen— 
/ tration of carbon dioxide in water saturated with air, k - 

constant = docarbonation coefficient. 


integrating equation (7*'^) with initial 
t = 0 , giv e s 


In 


(C - Cs) 
( C. - ) 


kt 


condition, C = Co at 


( 7.2 ) 


A plot of In (C - Cs)/ (C^- Cg) versus time would give a 
straight line of slope k. These are shown in Figure 7*2, 7-3 
and 7 • ^ for ^9 3 s aad C ■i-''anks . 
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A liquid co officiant fnay be defined by; 

q =r — A (C— Cs; .»•» ( 7 * 3 ) 

» 17- dC 

wnere , q - ^ y « volum^, A = area, and = Liquid 

film coefficient. 

Comparing equations ( 7 . 1 ) and ( 7.3 ) 

= b k ( 7.4 ) 

^flierG , V/A. = h = hoiglat of the liquid. 

Sources of -l^rrors in Carbon Lioxido Mass Transfer Experiments . 
The follo7/ing vere the sources of error. 

1 • The change in cone "intration of carbon dioxide ^-sritri pH 
at low prT values is very high. A snail error in pl-l measurement 
at low pH may give significant error in. carbon dioxide concen- 
tration. Carbon dioxide estimation in ':/ater should be fast 
enough to avoid losses of carbon dioxide from sample (which 
has to be kept mix3d for mixing acid or alkali)^ but the lag 
in response of pH meter was the limitation in this estimation, 
and there may bo some error due to this lag. 

2* The sensitivity of pE metier is 0.1 pH unit, and use of 
pH meter for a long time does not give stable reading. 

3* All hydro dynaiiiic factors offect mass transfer coefficient 
The effect of hydrodynamic variability is ignored in this study 

4. The assumption of considering the process as a batch 



may not Toe -valid for big tonics* 

5* Effect of environmental factors wind velocity 

liamidity , etc., on mass transfer is not tnkon into consideration. 

6. The flow in C tanks is perpendicular to the flow in A 
and B tanks, and thus direction of wind in G tanks was always 
different from A and B tanks. 

b. RESULTS 

Figure s 7*2, 7*3 7 nh s how tha t the a s sumption of 

considering the desorotion process of carbon dioxide as a batch , 
first order process is quite satisfactory. "That is interest- 
ing is that in B and A ta rte the motss transfer coefficient, 
k.j is reasonably constant. In C t'^nks this result does not 
seem to Tiold. As has boon pointed out, C tanks aro very mueb. 
more turbulent, and th.orof'oro asy bo ex'^jctod to have higher 
mass transfer rates. 

Table 7«^ gives all the derived results of this section 
and the previous one . 

c. DISCUSS lOIT 

Thakston, Hays and kronkel 119-9) have derived an equation 

kg = 0.000015 ( 7.5 ) 

iL 

based on laboratory and field studios for oxygen re-aeration. 

>rhore , kg = Heaeration coefficient 

D- = Dispersion coefficient, and h the height of the 
1 / 


liquid 






-Cs / Co -Cs 






TABLE 7,1 TANK PARAMETER AND DIMENSIONLESS NUMBERS 
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This equation is based on gravity induced open channol flows. 
Here this equation has been tested in Figtiro 7 •5 for the 
decarbonation mass transfer. Tt may be seen that the lino for 
B and C tanls almost passes through zero. The least square 
line gave the following equation: 


k 


= 1 .3 X 




0.23 X 



... ( 7.6 ) 


TiTliere k is docarbona tioii coomciont . 

However, in viexv o£ tho accuracy ot tlie data the line could 
just as well have passed througli tbe origin. The equation 
(7.6) is similar for T'.rrcks ton's ( 1969 ) equation. 


'A' tank gave a difrerent line oT approximately the 
same slope but a much larger negative intercept, though once 
again a line passing through the origin ■'/ould have probably 
been just as much called ior. 


Strictly spanking, tho mass transfer at the surface does 
not depend on the dispersion coefficient, since there will be 
mass transfer even if the fluid vel-^city is zero. Hence 
this kind of plot besides checking the existing equations has 
no basic value. 

Nadkarni and Russell (1973) have adveonced semiorapirical 
turbulence arguments to arrive at an equation for oxygen 
transfer in open streams t 
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= 0.651 




... ( 7.7 ) 


where, fc^ = mass transfer coefficient 
kinamatic vise osity 
diffusivity 
Reynolds number 
Hydraulic diameter 
height of the liquid and 
functional form of parameters 


% 

So 

li 


They used actual data to obtain the functional form 
of tiie geometric correction factor . This equation does 

not possess any more fundamental significance than the Colburn 
equation (Sohsenow and Choi I961). This can be shown as 
follows ; 




^ = fb no)'^ (Ro)"" 


where , Sc = Schmidt number 

Re = Reynolds number based on Rjj 
P ss constant 
or from equation ( 7*8 ) 


0 .0 


(l - m ) m 


n -1 


V (,Re ^ %I 


( 7.8 ) 


( 7.9 ) 


If ra is close to 0.5 and n is 0.8 this equation is identical 
to Nadkami’s and Russell's equation for a given geometry, 
where fl absorbs tbe geomotric factor. 
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Hero Colburn tyoe equation (7.8 ) nas boon tested 
in fhe Figure ( 7,6 ) . Tho data of the tank B and A can be 
represented by; 

Sh = 0.037 ( 7.9 ) 

where, Sh = Sheerwood number = 

This equation is similar to equation ( 7*8 ) where (^c)^ is 
hidden in the constant O.O37. 

Since k and k^ (k^ r: kh) are functions of D^, it was 
conjectured that should bo a function of Reynolds number* 
This is shown in Figuro 7 * 7 ^ The agreement is fair for cO 
linear dependonco on a log-leg scale* 

d. CONCmSION 

The major conclusions from this chapter are as follows: 

1 * The desorption of carbon dioxide from tanks can be 
obtained by assumirg it yis a fir’St order batch process* 

2 * Mass transfer coefficient for carbon dioxide from B and 
A tanks is reasonably constant at 0 . 00 29 * 

3 * Hydr o dynamic a lly A, B and C tanks aro different. The 

average velocity of liquid in tank is much higher than in B 

and C tanks* The liquid in C tank is much more turbulent than 
in A and B tanks • 

4 . Decarbonation coefficient was directly proportional to 
2 

D /h and was related as 
JL/' 

k = 1.3 X 10“^ X 10“^ 



Sherwood Number 


X TANK A 
• TANK B 
O TANK C 



Reynolds Number 


FIGURE 7*6 RELATION BETWEEN 

SHERWOOD NUMBER AND 
REYNOLDS NUMBER 



Dispersion coefficient 
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5 » Sherwood number (kj^ Rp/^ ) versus Reynolds number is 
a straight line of” slope O.83 on log-log plot, and relatioi^ship 
can be expressed as: 

Sh = 0.037 

where, Sh is Sheorwood number and is Tle3rnolds number* 

6 . Dispersion coe f'.ficient in tanks xvas found related to 
Reynolds number based on hydraulic diameter as s 

= (1.1 X 10"^) (Re)^*^^ 
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SFESCT OF C/iRBOH DIOjaPE AJID CARBON DIOXIDE FE~CD t@aiIODS 

Algae can utilize carbon fY'om a variety of sources: 
inorganic cartion (CO^, ECO^ , CO^ ) through photosynthesis, 
and organic carbon through heterotronh^r, or carbon dioxide 
produced from degradation of organic matter by bacteria. 

In the systems where other nutrients -.re in excess e.g., 
sewage treatment plants, lakes which are eutrophic, and 
laboratory cultures, it is nossible that carbon could be 
rate limiting. The role of carbon in eutrophication has entered 
the realm of controversy (Kuentzel, 1970 1 Sawyer, 1970) '^nd 
is gettir^ more iranortance tlinn phcsporus. 

If the rate of utilization of carbon dioxide is higher 
than the supply then the pH of the system would rise. The 
pH of 'the culture in turn, affects the distribution of carbon 
species in the medium e.g., CO^ , HCO^" and 00 ^ (see e.g.,,, 

Stumm and Morgan, 1970). The pH of the medium is coupled with 
nitrogen assimilation. Every mole of NO^ assimilation leads 
to the production of 1 mole of CH , and every mole of 
assimilation results in the production of H ion resulting in 
decrease of pH (Cramer et al., 1948). The role of inorganic 
carbon on eutrophication is reviewed by Holdraan (l 972 ), the 
effect of inorganic carbon on growth of green algae by 
Osterlind (1950, 1951), and hydration of carbon dioxide by 
Kern (i 960 ). 
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Most of' tlie algal cultures {evea fresh water cultures) 

are carhon dioxide limited (Lange I 967 , 1970; Kerr et al. , 

I 97 O; King, 1971 )* The supply of carbon dioxide, and the 

mode of its supply affoct the growth of algcoe* Hie 

analysis of effect of carbon dioxide on the growth of algae 

is complicated, because the effect of pH, HCO CO^ and 

3 3 

COg distribution, hydration and deliydra tion rates, and metabolic 
functions of algae are coupled together. The presence of 
carbonic anhydrase enzyme in algae (Litchfield and Hood, 19^4) 
which can catalyze the dehydration of HCO^ further complicates 
the problem. Ihe presence of enzyme in algal systems limited 
in carbon dioxide suggests that it is involved in CsOrbon 
utilization, although its specific role in relation to inorganic 
carbon utilizsition in algae is net kno^-m. 

In this chapter the effect of carbon dioxide feed rate, 
the mode of feeding carbon dioxide (carbon dioxide at 1 hr 
intervals for 1 hr), and addition of carbon dioxide using a pH 
controller on the growth of algae aro ex'* mined. 

a. EXPHRIIL^NTAL MEH^ODS 

The efficiency of carbon utilization at different carbon 
dioxide feed rates w<as determined in L tanus for 1400 liter 
volume (urea 0.1 g/l, and Sceiiedin O.P g/l) by estimating the 
growth of algae and carbon dioxide put into the tank. All the 
tanks in a set were started with the same inoculum concentra tion. 
A polyethylene sheet of 400 x 75 cm used in each tank over 

carbon dioxide suppl^'^ pipe to avoid carbon dioxide losses from 
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culture to air* Absorbance of the culture w'as measured daily 
in the morning. Ihe experiments vith following conditions 
were performed to determine the gain in yield and carbon 
utilisation efficiency due to continuous and intermittent 
feeding of carbon dioxide: 

1 • A control experiment where only air was used as 

sparger gas. 

2^ 250 ml/minute of pure carbon dioxide was continuously 

fed for the day light duration of the experiment (from 9 a.ra. 
to 5 p#m. ) . 

3 # 5 ^^ ml/minute of pure carbon dioxide was continuously 

fed for the day light duration of tho experiment. 

4 . 500 ml/minute of pure carbon dioxide was fed at one 

hour intervals for a one hour period during an 8 hours day, 
i.e. experiment (4) would use half tho amount of gas in 8 hours 
as experiment (3), and the same amount of gas as experiment (2). 

5t 1 liter/rainuto of pure carbon dioxide was continuously 

fed for the day light duration (8 hours) of tho experiment. 

6. 1 liter/minute of pure carbon dioxide was fed at one 

hour intervals for 1 hour period during an S hours day, i.e* 
experiment (6) would use half the amount of gas in 8 hours as 
experiment (5), and the same amount of gas as experiment (3). 

7* Another set of experiments used a pH controller to 

operate a solenoid valve on carbon dioxide line* The pH was 
set at 8.3 and was maintained between 8*2 and 8 . 4 . The flow 
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carbon dioxido vas 1 liter per minute at fhe on position 
of the controller and zero at the off position. Ihe time and 
^he freg^uency for which the controller was on were recorded, 

8, The desorption of carbon dioxide at pH 8.3 was assumed 

zero, and the efficiency of carbon utilization was calculated 
on the basis of gain in yield over the control oxpei’iment due 
to carbon dioxide sunply. The carbon in algae was assumed 
50 %, and the efficiency of carbon dioxide fed system was assxamed 
1005^, i.e. the efficiency of carbon utilisation reported includes 
the efficiency of carbon dioxide feed system also. 

b-. RESULTS 

Tho absorbance versus time in days of one of the set is 
plotted in Figure ( 8 ,l). The efficiencies of carbon utilization, 
are plotted in Figure 8 . 2 . The results of the experiment using 
controller to maintain the pH in algal culture are plotted in 
Figure 8 . 3 * The times indicated on graph show the time for 
which the controller was on and off on the particular day. 

Figure 8,4 and 8,5 show;, the change in pH and dissolved 
oxygen concentration at different time in tank with different 
treatments . 

Following are the important points to notes— 

1 » The efficiency of carbon utilization decreases with 

increase in volumetric flew rate of carbon dioxide put into the 
culture. This may be seen from the three lower curves of 
Figure 8.2, where the continuous carbon dioxide fed runs are 


shown. 
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FIGURE 8-t EFFECT OF CO 2 FEED RATE 
AND FEED METODS ON THE 
GROWTH OF ALGAE 


Carbon utilization efficiency {over control) 



Time ( days ) 

FIGURE 8-2 CAR9dN UTILIZATION 
EFFICIENCY OF ALGAE 
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* i * 

The efficioncy of carbon utilisation vhen carbon dioxide 
flow is 250 tnl/minute and 5^0 ml/minute, increases with time 
after second day, while efficiency of carbon utilization, when 
feed rate is 1 liter per minute, decreases after 3rd day* 

3* The growth of algae with carbon dioxide fed at one hour 

intervals is always better than the growth in tanks getting an 
equal total amount of carbon dioxide continuously, whether 
judged on an efficiency basis or yield basis* 

4* The growth in the tanks with intermit tout feeding is 

better than the growth in the tank with continuoiis carbon dioxide 
supply (equal feed rate but double the total amount) for first 
few days * The gain in growth due to internittency decreases as 
optical density increases* 

5* The efficiency of carbon utilization in intermittent 

feeding is always higher than the efficiency in the continuous 
carbon dioxide feed experiments* 

6* The growth in the tanks with 1 litor/minute intermittent 

carbon dioxide is greater than pH controlled addition (carbon 
dioxide ), which j in turn, is greater than 1 liter/rainute carbon 
dioxide fed continuously . The carbon dioxide fed in these 
three cases were 240 litor/day, 267 liter/day, and 480 liter/day^ 
respectively. 

The growth and efficiency of carbon utilization in tanks 
maintained at pH 8*3 hy adding carbon lioxido (using a controller 
is lower than the efficiency in tank with 1 liter/minute inter- 
mittent feeding of carbon dioxide. 
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0 B-j 250 mt / min coni. 

* B 2 500 ml /min cont, 

A 83 500 ml / min cycling 
O 64 1 Lit / min cycling 
° Sg 1 Lit / tnln cont* 

— CO 2 off 


AM9'30 10'30 12-30 2-30 3-30 4-30 5-30 PM 

Time (Hrs.) 

FIGURE 8-4 pH OF THE ALGAL CULTURES 

(DIFFERENT CO 2 FEED METHODS) 


g / liter 



AM 8-30 


10-30 


12-30 

Time 


4-30 PM 


FIGURE 8-5 DISSOLVED OXYGEN OF 
ALGAL CULTURES (Different CO 2 
feed methods) 



8* Figure 8»6 shows the demand of carbon dioxide in 

percent at different interval of time of one day. From the 
figure it is clear that most of the demand (75?^) is put in 
between 10 to 3 P*2n* This loads to the conclusion that 

supply of carbon dioxide to algal cultures from 10 a.m* to 
3 p*m. would be best utilized. This result can be extended 
further to expect better efficiency of carbon utilization by 
intermittent feeding of carbon dioxide from 10 a. m. to 3 
This would further save on carbon dioxide budget. 

9« The following are the points observed from recorder 

chart (not shown here): 

a# At low algae concentration, there is cycling of pH due 

to carbon dioxide cycling. At higher algal concentration the 
cycling behaviour of pE (due to carbon dioxide cycling) is lost 
due to higher carbon dioxide demand, and the difference in growt 
between intermittent and continuous tanks is reduced. 

b. Dissolved oxygen concentration of algal culture changes 
almost without lag with light intensity, while change in 
dissolved oxygen due to pH, is slo^*;- and delayed. 

c. DISCUSSION 

The utilization of inorganic carbon in tanks with 
continuous supply of carbon dioxide seems to follows the law of 
diminishing returns. Ihe efficiency is higher but growth is 
low at low carbon dioxide feed rates. Same rule is followed by 
algae in utilizing light. The efficiency of light utilization 
decreases with increase in light intensity. 
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FIGURE 8-6 THE DEMAND OF CARBON DIOXIDE 
AT DIFFERENT TIME 
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The higher growth rate ±n intormi ttont-reed cultures 
may* be the result of synchronisation of the culture due to 
pH shocks. Probably increase in algal grov;th gains sonie 
momentum when carbon dioxide is Tod, and this momentum is 
continued even when supply of cau-bon dioxide is stopped. 

Another possible explanati^'iu .f'^r the increase in growth 

rate and carbon dicri le-carbon utili-zation oificiency is that 

en'?J3miG carbonic anhyiir'^/gonaso incroases the efficiency and 

rate of* carbon dioxide fixatl-''n. This onayme can catalyse 

the dehydration of ECO,"". The concentration of ensyine is renorted 

J 

(Litchfield and Hood 1964 ) higher in the algao grown in carbon 
dioxide deficient media. Probably enzyme is active rnoicing 
HCO^ carbon available f^r growth of algae when there is no 
carbon dioxide suopl3r and this o^tivity continues at least 
for some time when carbon dirxi'"o is suoplied in intermittent 
pattern, giving higher yield and carbon utilization efficiency. 

The interval of cycling (1 hr) and rates (5OO ml/minute 
vand 1 ii ter/minut 3 ) ware arbitrarily chosen for our experiments. 
The optimum dosa.gG and optimum frequancy of carbon dioxide 
cycling de tormina tion is an oree to bo developed. Optimality 
criterion, end the gro^’j^th cycle '”-f algae may give some clue to 
determine the "'optimum conditiens. 

Ocldna n (1972) suggested to include pE control through 

carbon dioxide addition in standard algal assay procedures so 
that data from different laboratories can bo compared. Since 


mo db of carbon dioxide addition -\lso affects the growth, it is 
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here suggested to include in stan?lard algal procedure, xiot only 
the addition oT carbon dioxide but to fix the mode of carbon 
dioxide addition also* 

d* CONCLUSION 

The conclusions from this chapter are as follows: 

1* Tho efficiency of carbon utili.^ation docroases with 

increase in volumetric flow rate of carbon dioxide into the 
culture, when carbon dioxide is fad continuously. 

2. The growth of algae and efficioncy of carbon utilization 

in tanks getting carbon dioxide intermit tingly at 1 hr intervals 
is higher than the growth and efficiency in tanks getting totally 
the same amount of carbon dioxide but continuously. 

The efficiency of carbon utilization in tank maintained 
at pK 8*3 b:^ adding carbon rli-^xide through a controller is loss 
than the carbon utilization efficioncy in tanks getting 1 liter 
per minuto , a.nd 500 nl/minute carbon dioxizle at 1 hr interval 
for 8 hrs a day during day light. 

4. 75^ of tho carbon ■‘’iaxide demand '^f the day was put 

from 10 a.m. to 3 P«m. The control of pH and addition of 
carbon di':xido is very critical In this pcri^:>d. Intermittent 
feeding cf carbon dioxide between 10 .m. to 3 P*m. would 

further increase the carbon utilisation efficiency# 
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The grewth rates calculated at tlio end of day are 



Tro'^tment 


Growth rate g/moter day 


00^ 

1 l/min ~ cycling 

10.8 

o 

o 

1 l/nin - continuous 

10. 18 

co^ 

500 ml/ min eye ling 

8.6 

C02 

500 ml/min continuous 

8.6 

COg 

250 ml/:nin c'^ntinuous 

< 6.36 

Control 

3.8 
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CHAPTER 9 


EFFECT OF HARVESTING TII 4 E ON PAOTEIKT CONTENT 

The quality (wavelength.), quantity, and mode of light 
affect the metabolic functions, growth and composition of 
algao* The effect of diurnally intermittent illumination^ 
and flashing light on the growth and oho to synthetic efficiency 
of algae are well known* The effect of blue and red light on 
the carbohydrate-protein ratio and rosoiration rate are 
reported by Kowallick (1970). The reduction in the producti- 
vity of algal cells to about 50^ by giving light (20-25 lux) 
during dark phase are reoorted by Soodar, Schulze and Theile 
(1966) and -^orenzon arici Foss (1968). The change in protein 
content in synchroniood laboratory cultures in light-dark 
phase are reported by Tamiya (196^0, Lorenzen {l970) and 
Jones et al* , I968. 

Extending the results of iQ>wallick ( 1970 ) for blue and 
red light, and Lorenzen b( 1970 ) for synchronous cultures to 
diurnal solar radiations, and unsyrichronizcd largo scale 
outdoor cultures of Sconedesmus acutus , a change in protein 
content with time in light and rirk phase was expected* This 


hypothesis was 

fuzathor 

extended 

to 

'"ind 

out the 

0 etimum time 

for harvesting 

outdoor 

cultures 

to 

give 

higher 

protein content 
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this chapter, tho effect of harvesting time on protein 
content of algae Scenedesarus acutus in outdoor cultures is 
presented. 

a. EXPBRIMBNTilL MBTHODS 

The experiments were performed in all sizes of tanks with 
the following treatments: 

1 ) blank 

2 ) blank + carbon dioxide 

3 ) blank + molasses and 

4 ) blank + carbon dioxide + molasses. 

Tanks were prepared and samples were taken in the 
morning before sunrise and in the evening before sunset for 
protein estimation. 2—4 liter sample depending upon optical 
density of the cultxxre was taken, filtered through fine cloth 
to remove contaminants (loaves, insects, etc.), centrifuged, 
and washed 4/5 times in distilled water.- This slurry was used 
for dry weight estimation, and for nitrogen estimation. Nitroge 
was estimated by Kj a Idahl method (Appendix 5»^)* Samples were 
taken in duplicate and each sample was distilled twice. 

Protein is reported as nitrogen x 6.25« 

To make sure of the above results^ protein estimation by 
Biuret method (Herbert et al., 197l) was used. Biuret method 
was done on chlorophyll free white algal sludge. Chlorophyll 
was extracted by boiling algae in methanol for 5 minutes and 
was removed by centrifugation. Three to four extractions were 
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required to extract and reniovG all the chlorophyll. 2?n an 
experiment algae was boiled in 3*0 N' sodium hydroxide for 
5f 10 and 15 minutes, and protein was determined to make sure 
that all the protein is extracted from algae by boiling it in 
3 N NaOH for 5 minutes. Carbohydrate in algae was determined 
by an throne method. 

In an experiment, the thick algal slurry from centrifUge 
was taken in tubes, aerated and subjected to light and dark 
( 12—12 hour) cycles. Protein was determined in algae before 
light, and before dark cycle. This experiment vras carried 
out to find out the possibility of subjecting the thick algal 
suspension from centrifuge to light dark pattern in order to 
have the benefits of harvesting the algae in the morning, i.e., 
high protein in the algae. 

The exact time cf division in dark phase for algae 
reported in literatirre , is very conflicting. In an experiment 
it was tried to find out the time of division of Scenedesmus 
a cut us in dark by counting the cell number using Haemocy tome ter. 
It was round tliat counting in samples dononds upon the 
preparation of sample (may be due to fast settling rate of 
algae in Haemocy tomo ter cubes) and gives 100-2009^ error in 
counting. Electronic counter cannot be used in this situation 
because 1) cells are not spherical, 2) they grow in singles, 
in fours and sometimes in singles and fours (we do not know 
the factors governing this behaviour of algae), 3 ) dust 
particles in open tank can be registered as calls in 


G le c tr onic c ount er • 
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b . 

3ono of* tbo iuoortant ooints to not'^ aro 
^ * 2J12 l 1L n 3s t i_;ia_t i. o.n , 

1* Boiling ot algae in mothanol for 5 "ninuteo, thrice 
extracts all the chlorophyll. 

2. Removal of cliloroohyll by above method is easy T-rhen it 
is done on fresh algae. Storing the alg:?e in rofri ^yera tor 
for 8-1 D hoars malceo the extraction of chlorophyll very 
difficult . 

3* Boiling 1 ml algal sludge in 2 ml 3 sodium hydroxide, 
for 5 minutes io enough to extract all the orotein from tho 
cells • 

^3?Qtein Content 

1 . Protein content of algae in the morning before light 
cycle and in the ev 3ning before darh cycle are nlotted in 
Figure 9,1 and 9*2. 

2. Protein contents of algae are higher in the morning . 

1?" ere is 3 to ^2% difference in orotein content in the algae 
harvested befox'e the light circle a rl after t’ e lig!'t cycle. 

3. The nrotein contents o3tiuat:»d by biuret method T^rare 

lo^er { 38 - 53 ^ protein in algae) than estimate 1 by Xjeldahl 
method Eoeraver, there 8-1 difference in 

nrotein content of algae f^arvested in the morning and in the 
^evening by biuret :met'’''od. 

4. This difference in protein content ^/ras observed in all 
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the treatments and in all the tanks. 

5« There was difference in carbohydrates in algae in the 
morning and in the evening (lower in the morning) , but this 
difference was small and never satisfied the material balance. 

6. There was no difference in protein content in light- 
^ark phase in centrifuged washed (and thus difficiont in 
nitrogen and other nutrients) thiv-'k algal suspension 
subjected to 12 hr light, 12 hr dark cycle. 

7. Difference in protein in >4 of protein present, is 
plotted in Figure 9*3 against ontical density. From the 
Figure it seems that difference in protein is independent 
of optical density of algal culture. 

c. DISCUSSION 

It is very difficult to oxolain the exact mechanism of 
the effect ‘-^f light-dark on the protein content of algae, 
observed in the above experiments. A question can be asked. 
Does the dark enhances the protein synthesis and carbohydrate 
break doim or the light sunnressos the above reactions ? 

The explanation given by ‘lowal.iick (l970) for olue and red 
light effect can be extended to say that probably dark 
enhances the protein synthesis, and the energy and carbon for 
protein synthesis is provided by broakdo’^ra of carbohydrates. 
Another simple oxnlanation is' that in day time during photo- 
synthesis carbon and nitrogen , be th are assimilated to give 
carbohydrate and protein. dark, in the absence of 
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photosyntliesis there is no intake of carb.m (there are losses 
of carbon due to the respiration) , but there is transfer of 
nitrogen from medium to algal colls; increasing the nitrogen 
content, and honce protoxn synthesis 5/iiicli is independent of 
light (see Lorenzen, 1970). In other words, the culture may 
be nitrogen limiting in light but at night j, cultures are 
definitely carbon limiting and this results in more protein 
in algae cells after dark phase. This h^/'pothesis is supported 
by the results of the experiment in which there was no 
difference in protein content in nitrogen deficient cultures 
in light and dark phase colls. 

Results of this experiment suggests that algae for protein 
should be harvested in the morning time before sunrise. Ihis 
time of harvesting would give 10 - 15 ?^ more protein than that 
harvested in day tine. The other advantage cf harvesting in the 
morning is that in the norning the temperature of the culture 
is low, and at this lower temperature al.l thre enzymatic activi- 
ties are low# The losses (respiration losses) and enzymatic 
changes will bo low at low temperature in the morning. 

The above results can be extended to suggest that algae 
for the production of energy (to produce methane by anaerobic 
digestion) should be harvested after light period. Tliis would 
give higher carbohydrate ccntaining-algae for energy production. 

COHCLUSION 

1 • Protein content of the algae, harvested in the morning 
before light, is 10 - 155 ^ more than the protein in the algae 
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harvested in the evening, 

2m The above difference in the protein content is true in 

« 

taiics, -withcut external carbon dioxide supply, witli carbon 
dioxide, and witli organic carbon adding in the evening. 
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SUMMARY AIQ CONCLUSIONS FRCM EX?5!lI:ONT5 OF PART TT 

In this part, which deals with fine parameters, 
following studies were carried outs 

1» The effect of addition of organic carbon on the growth 
of algae in outdoor and indoor cultures. 

2. Estimation of dispersion coefficient in tanks. 

3» Carbon dioxide transfer from algal culture and its 
correlation with tank parameters. 

4. Effect of carbon dioxide and carbon dioxide feed 
methods on the growth of algae. 

5. Effect of harvesting time on protein content. 

The major conclusions from Part XI are as follows: 

1 . There was an increase in the growth by addition of 
molasses in the evening into the algal tanks. There was 
almost no increase in biomass at night, however , the absorbed 
sugar was utilised for the day time growth. 

2. The absorption of sugar into fee algal biomass in night 
was found much more rapid than its utilization for cell 
synthesis in day. 

3. The effect of addition of molasses and carbon dioxide 

on growth was cuniulative. This was true for low concentration 
of molasses (about 0.1 g/l). 
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4* 95?^ of the molasses carbon goes Into the algae* This 

leads to the conclusion that addition of molasses does not 
increase the respiration rate of Scene desmus acutus * 

5* The absorption of sugar in night fellows a first order 
kinetics with respect to sugar, and absorption rate constant 
depends upon algae concentration* 

6* The addition of molasses intermit tin® ly* leads to signi- 
ficant increase in growth in indoor cultures* 

7* Average velocity of li "»uid in tank increases with the 
increase in liquid height. 

8# Dispersion coefficient increases with increase in liquid 
height* 

9* Reynolds number based on hydraulic diameter was found 

2 

always greater than 590 x 10 * This Reynolds number for open 
channels is in turbulent flow regime. 

10* Peclet number based on hydraulic diameter and longitudinal 
mixing coefficient was between 1 to 3 i^^ most of the cases* 

11* Hydro dynamically C tanks are very much different from 

A and B tanks* 

12. The desorption of carbon dioxide from the tanks pan be 
obtained by assuming it as a 1st order batch process. Mass 
transfer coefficient in B and A tanks was found reasonably 
constant at 0.0029 cm/sec. The Sherwood number was related 
to the Reynolds number ass 

0*83 


Sh = 0.037 
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13» 'The efficiency of carbon utilization decreased, and 
growth increased with increase in carbon dioxide volumetric 
flow rate in to the culture when it was fed continuously. 

14. The growth of algae and efficiency of carbon utilization 
in tanks getting carbon dioxide intermit tingly at 1 hr intervals, 
for 1 hour, was higher than the growth and efficiency in tanks 
gettirg the same amount of total carbon dioxide. 

15* The efficiency of carbon utilization in tanks controlled 
at pH 8.3 by adding carbon dioxide was lower than the effici- 
ency in tanks getting carbon dioxide at the rate of 1 liter/ 
min and 500 ml/min, intermitti ngly at 1 hr intervals, 

16. Protein content of the algae harvested in the morning 
before light period was 10 - 15 ?^ more than the protein in the 
algae harvested after light period. This difference in 
protein was found in tanks with external carbon dioxide supply, 
in tanks with addition of molasses in the evening, and in 
all the sizes of tanks. 



APP\^M1IX , 1 


(Beckier ot 

al., 1976 )* 

CompoTiGnt 

Range io 

Protein 

50-55 

Lipids 

12-19 

I ^ 

C arb ohirdr a t e s 

0 

1 

Fibre 

10-12 

Ash ' 

6-8 

Nucloic Acid 

4-6 

Moisture 

5-7 


1.2. PH OTS IN SPFicrSHCY RiVTIO (?SR). BIOLOGICAL V/J L/UB (BV), 
DIGSSTIBILITr COEFFICIENT (PC) . AND ]>JST PROTSljT 
UTILISATION (NPIT'I OF ALGAH SCgNBDESMUS ACIITUS 
(Bocker et al., 1976)* 


No. 

Processing 
and diet 

Level of 
Protein 

PSR 



^ Nitrogen 
retained 

BV 

DC 

NPU 

1 

Casein 

10 

■ 

2.78 

76.64 

87. 7 S' 

95.08 

83.54 

2 

Algae DD 

10 

2.21 

58.41 

80.82 

81.42? 

65 • 80 

3 

Algae DD + 
Methionine 

10 

2.45 

1 




4 

Algae DD 

20 

1.87 

47.01 ^ 

67. U 

77 . 4or 

51.95 

5 

Algae SD 

10 

1 .27 

40.68 

72.07 

72.50 

52.25 

& 

Algae CSD 

10 

1.34 

51.85 

71. 9T 

77.14 

55.47 


DD Dxaini Dried; SD Sun Dried; CSD Cooked Sun Dried 

*Becker, ¥.E. , Venkataraman , L.V. 1976. 'Food for Algae' 
IGAP , C FTRI , Mysore. 





APP.’STOIX 2 


PIIOSUCT IVI TY OF ALS .15 /Jg> OTHDR PRO?‘3IN SOURCBS { Vincent 1971 )' 


Protoin Source 

Yield dry wt. of 
protein kg/ha/yr 

Aroa yielding 

29.2 g 2 

protein/y 

(m^) 

■ 5 f 

Scenedosmus Acutus 

37,500 

7.8 

Clover leaf protein 

1,680 

174 

■’•/heat 

300 

970 

Milk from cattle on 
gr a s s land 

100 

2910 

Moat from cattle on 
grass land 

60 

4870 


Cnlculated on the basis of 25 gm algae/m day; 50 % Protein 

Vincent, ¥.A. , 1971 , ’Microbes and Biological Productivity’ 

21 st Symp. of the Soc. of Gen. Microbiology, ed. 

Hugens D.E. and '^ose, A.P.,; 47 * 


APPENOIX 3 


EFFECT OF TMOCULATION OF AULOSIRA FERTILISS IMA. ON AVERAGE 


■^Sin»ii R.N, , 1961. ’Role of Blue Algae in Nitrogen Economy of 
Indian Agriculture^, ICiiR, New DelTii- 3 • 


GR 0 ¥TH AM) YIELD OF 

A VARIETY 

OF PADDY-TA 

(SINGH R.N. 

1961)"^ 







Ke igli t of , 

Yield paddy 

Yield of 

% increase 

Exper ime nt 

plants 

cm 

: per pot 
gm 

paddy pear- 
acre 

lb 

over 
contro 1 

Control 

73 

5.0 

1 ,060 

- 

1*0 ts (inoculated) 

141 


— 

368.0 

Fields (inoculated) 

135 

•m 

2,277 

114,8 
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COMPOSITION OP SCSNEDIN*^ 



Based on the information of tlie manufacturer Chemisete 

Nerke Gewerkschaft Victor, Federal Republic of Germany. 




APPENDIX 5 
CHEMICAL ANALYSIS 


5.1. SSTIIvIATIQN OF SUGARS IN MBDIUM 

PHENOL SULPHURIC ACID IlSIHOD - (Dubois liichel, S.A.Gilles, 

J, K, Hamilton, R.A. Peter, and Preed Smith, 1956. Anal. 

Chem. 28 t 3 500) 

METHOD — 1 ml centriftiged clear sample was taken in tube and 
to it was added 1 ml 5% phenol. 5 concentrated sulphuric 
acid was added rapidly using wide mouth pipette. The contents 
were kept at room temperature for 15 minutes, were shaken, 
and absorbance was taken at 490 nm against a blank. 


5.2 ESTIMATION OF SUIAR IN AIXlAE 
ANIHRONS MBTHCD 

REAGENTS - 660 ml KgSO^^ was added to 340 ml water. 500 mg 
enthrone aid 10 g thiourea were added to this sulphuric acid. 

The mixture was maintained at 80-90 ®C till all the solutes 
were dissolved. This reagent is stable for two weeks at 4'‘C. 

method - Centrifuged and washed algae (l-1.5 g) were hydrolyzed 
in 30 ml 1.5 N H2S0j^ for 3 hours in boiling water. After 
cooling, the extract was neutralized with NaOH, and volume 
made up to 100 ml with distilled water. The contents were 
centrifuged, and 1 ml of this clear solution taken in a test 
tube was kept in freezing mixture. 10 ml enthrone solution was 
added and content were mixed keeping the .tubes in freezing 
mixture. Samples were hept in boiling water for exactly 
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15 minutes for colour development. The reaction was stopped 
by keeping the tubes in freezing mixture and then tubes were 
kept in dark for 10 minutes at room temperature. The carbo- 
hydrate in samples were estimated by meastiring the colour 
developed at 620 nra, 

5.3 BIURET METHOD FOR PR0T5IN ESTIMATION 

(Hrebert et al., 1971* 'Methods in Microbiology* ed. Norris Jr. 
and Ribbons, D.¥. , Academic Presss244) 

METHOD - The sample (containing 2-10 mg diy algae) was 
centrifuged, and algae cells were boiled in 10 ml methanol 
for 5 minutes • Chlorophyll extracted was removed by centrifugiig 
the methanol-algae suspension, and extraction was repeated to 
get chlorophyll- free algal sludge. 

1.0 ml, 3 N NaOH was added to the above slu(fee after 
making up the volume to 2 ml with distilled water. Contents 
were boiled in boiling water for 5 minutes, and then were 
cooled to room temperature. 1.0 ml 2.5f^ CuSO^ solution was 
added, contents were mixed well, and were allowed to stand 
5 minutes . Optical density of the centrifuged supernatant was 
taken 555 nm. A reagent blank containing 2 ml distilled water 
instead of cell suspension was treated ,in the same way. 



KJELDAHL METHOD FCR NITROGEN ESTIMATION 


A known volume of centrifuged and waslied slurry was 

taransferred to Kjeldalil’s digestion flask, and 25 ml H2SO^ 

and a pinch, of selene 'digestion mixture was added. Ihe 

sample was digested on heating mantel for about 6 to 8 hours 

or till it was clear. The contents were diluted and volume 

was made up to 100 ml. 2 to 5 of* this solution was used 

for ammonia distillation. The ammonia gas was liberated by 

adding 30 ml kO^ NaOH, and heating the contents. The ammonia 

liberated was absorbed in 10 ml boric acid and was titrated 

against N/70 HCl. A known amount of ammonium salt was distilled 

and titrated to calculate the conversion factor. 

5.5 CARBON DIOXIDE CONCENTRATION ESTIT4ATI0N 

( Deutsche Einheitsuertahren Zur . Nasser Und Schlamn 
Untersuchung , D-8 Verlag Chemic inheim/ Bergs ter , 1972 ) 

The concentration of carbon dioxide in tap water was 

measTired by determining the amount of NaOH solution consumed to 

bring the pH upto 8 . 3 . In all the estimations, CO^ free distilled 

water was used. The CO^ concentration was checked by using 

phenolphthalein indicator following the method given in 'Standard 

Methods for the Examination of Water and Waste Water*, American 

Water Works Asspciation, Water Pollu., Cont. Fed. Pub., 13 th ed., 

page 92 , 1971. 

A X N X 44,000 
nig/1 COg - Sample 

Where, A = ml of NaOH consumed. 

N = Normality of NaOH. 



Carbon dioxide, mg/ liter 



Fig. (Appendix 5-5) -Standard curve pH vs. CO2 • 
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H^AT TRANSFER CO 


A?’^ 0 "T”)I 7 


5 


OF DR 0 I 4 ORIOR 


Basis « 1 b,r OT>eration at drum 

Dry solids in feed = 

Moisture ir dried final = 

product « 

Product dried frou druu = 

drier /br o 

Feed for this = 

Rater evanorated = 

He at repair ed 

(l) To raise the teno. 
of slj.rry from 
room ten'o. 27 ® C to = 

103 ®C 


drier • 

3.47^ 

8.8 

371.8 gni/hx' 

975 'J g'ns 
9379 *^ gras. 

9750 X 73 

7 02,30 3 cal. 


(2''. Latent heat 

Total heat 
Area of drura 
Te-.i 2era t'lre diffe 
Heat transfer 


= 9379.'+ ^ 539.5 

= 50 , 60,333 cal. 

= 5773,000 

k ? 

= .55x10^ cr. 

ence-= 110-27 ■= 83^0 

= 12.66 cal/ ca^ .hr , ° C 


coe f fici ent 
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APPSIJDIX 7 


MIXOTROPHIC GRO^’/IH DATA 



Time 

hrs 

OD 

Sugar 

Sugar*- 

3/ So 

X X t 

Tank 




So 

s 


OD X br" 





Yg/tal 

■Jfg/ ml 



Tank 

7 PM 

0 

.115 

126.5 


1 

0 

Vol. 600 1 

9 PM 

2 

.13 


122.5 

.97 

.26 

1 1 PM 

4 

. 125 


97.5 

.78 

.5 

October 

1 AM 

6 

.13 


-89. 0 

.70 

.78 

(Glucose) 

3 AM 

8 

.13 


78.0 

.61 

1 .04 

5 AM 

10 

.13 


55.5 

.44 

1.3 


6 AI4 

11 

.14 


52.0 

.41 

1.54 

Tank 

7 PM 

0 

.111 

126.2 

126.2 

1 

0 

J 

Vol. 600 1 

9 PM 

11 PM 

2 

4 

. 1 2 
. 12 


126.2 

100. O’ 

1 

.79 

.24 

.48 

Oc tober 

1 AM 

6 

. 125 


92.5 

.73 

.75 

(Glucose) 

5 AM 

10 

.13 


59.0 

.47 

1.3 

Tank C„ 

7 PM 

0 

.25 

00 

• 

0 

50.8 

1 

0 

Vol. 600 1 

11 PM 

7 AI4 

4 

12 

.25 

.25 


25.0 

7.4 

.5 

. 14 

1 .0 
3.0 

Oc tobeir 
(Molasses) 








Tank C_ 

7 PM 

0 

.25 

50.8 

50.8 

1 

0 

j 

Vol. 600 1 

11 PM 

7 AM 

4 

12 

.25 

.25 


25.0 

8.4 

.50 
. 165 

1 .0 
3.0 

October" 

(Molasses) 








Tank 

7 PM 

0 

,24 

56.2 

56.2 

1 

0 

2 

11 PM 

4 

* 23 


31 .8 

.56 

.92 

Vbl. 8000 1 

7 AM 

12 

.24 


11 .0 

.19 

2.9 


October" 

(Molasses) 
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Tank" 

Time 

hrs 

OD 

Sugar 

So 

-yg/ral 

Sugar 

S 

31 g/ml 

S/So 

X X t 

OD X hr 

Tank Bg 

7 PM 

0 

.277 

43.0 

43.0 

1 .0 

0 

Vol . 1400 1 

11 PM 

k 

.26 


27.4 

0.63 

1,04 

October- 
(Molasses ) 

T am 

12 

.26 


6.45 

0. 15 

3.12 

Tank 

7 PM 

0 

.121 

45.2 

45.2 

1 .0 

0 

Vol.l 400 1 

Molasses + 

002 

1 1 PM 

7 am 

4 

12 

.115 

.12 


38.4 

11.0 

0.84 

0.24 

0.46 

1 .4 

Tank B^ 

1st day 

15 

. 1 

94.5 

30.0 

0.32 

1.5 

V0I.IOOO 1 

2nd day 

15 

.175 

63.0 

11.0 

•0.17 

2.6 

3fd day 

15 

.24 

94.5 

11.0 

0, 12 

3.6 

Molasses 

5 PM - 8 AM 

4 tb day 

15 

.33 

94.5 

3.0 

0.03 

4.95 

Tank F 

Ist day 

15 

. 105 

94.5 

27.0 

0.285 

1.57 

V0I.IOOO 1 

2 nd day 

15 

. 185 

63.0 

9.0 

0,14 

2.77 

Molasses + 

3 rd day 

15 

.27 

94.5 

11.0 

0 . 11 

4.05 

CO2 

4 th day 

15 

.35 

94.5 

2.0 

0.02 

5.25 

5 PM - 8 AM 

5 th day 

1.5 

.39 

94.5 

3.0 

0.03 

5.85 

Tank B2 

1 st day 

15 

.32 

70.0 

6.5 

0.09 

4.8 

V0I.I3OO 1 
Molass,es 

5 PM - 8 AM' 

2 nd day 

15 

.43 

105.0 

7.0 

0.07 

6.4 

Tank F 

1 st day 

15 • 

.21 

105.0 

6.5 

0.06 

3.15 

Vbl. 1300 1 
Molasses 

5 PM - S ' AM 

2 nd day 

15 

.26 

105.0 

8.0 

0.076 

3.9 

Tank. B 

1 st day 

15 

.04 

70.0 

12.0 

0.17 

0 . 6 ^ 

Vbl. 1300 I 

2 nd day 

15 

0.1 

70.0 

22.0 

0.31 

1.5 

Molasses 

5 PM - 8 AM 

3 rd day 

15 

.14 

70.0 

15.0 

0.21 

2 . 1 



